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Abstract 
Phytophthora cinnamomi Rand is a soil-borne oomycete plant pathogen, is a major threat to 
natural vegetation in Australia and has economic impacts on agricultural systems worldwide. 
The pathogen principally invades the root system which, in susceptible species, is rapidly 
colonised and functionally destroyed. P. cinnamomi exhibits a large host range and only limited 
number of species have been recorded as field-resistant in Australia. However, understanding 
the nature of resistance of those species when grown under controlled conditions is challenging 
because of their slow growth and the inherent difficulties of working with root pathogens. 
While previous research has focused on the effect of pathogen on plants especially those 
susceptible species, major gaps have remained in the current knowledge of P. cinnamomi-plant 
root interactions in resistant plants at both cellular and molecular levels. Additionally, the 
mechanisms of P. cinnamomi virulence on several thousands of plant species is not well studied 
and is in contrast to several other Phytophthora species. Therefore, the research presented in 
this thesis used firstly a monocot model plant, Zea mays, to investigate the molecular 
mechanisms of resistance through real time PCR and analytical chemistry techniques. Then, 
the research addressed the establishment of resistance in a native Australian species, Lomandra 
longifolia under laboratory and controlled conditions to investigate resistance components 
through physiological, histochemical and transcriptional analysis following inoculation with 
P. cinnamomi. In addition, the research then focused in on an exploration of the role of elicitins 
and elicitin-like proteins in virulence using immunodepletion and analytical chemistry 
techniques.  
         The expression of five known resistance-related genes, An2, Tps11, LOX1, NAC41 and 
NAC100 were analysed in Zea mays roots and it was found that all genes except NAC100 were 
induced at an early infection stage (3 hours post-inoculation) and showed similar expression 
levels at 24 hpi. Both An2 and Tps11 are involved in phytoalexins (antimicrobial compound) 
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biosynthesis and further experiments suggested that inhibitory compounds were active in 
inoculated Z. mays root against P. cinnamomi. Moreover, the LOX1 encoded enzyme is 
involved in jasmonic acid (JA) biosynthesis and it was therefore hypothesized that JA is 
involved in resistance to the necrotrophic pathogen P. cinnamomi. Phytohormone 
quantification indicated that Z. mays employed JA in resistance. Furthermore, induction of 
inole-3-acetic acid but not salicylic acid or abscisic acid demonstrated its possible involvement 
in resistance to P. cinnamomi.  
         To investigate the key mechanisms of resistance in a native host species, L. longifolia, at 
first a series of comparative test with the known susceptible species, Lupinus angustifolius, 
was investigated and five criteria considered to determine resistance. Following inoculation of 
L. longifolia roots, lesion length and colonisation percentage were significantly less than in 
roots of the susceptible species. Moreover, there was no statistical difference in root growth 
rate, whole-plant FW and leaf relative chlorophyll content between controls and inoculated L. 
longifolia. Further analysis of three key cellular responses that are related to resistance 
demonstrated the production of the reactive oxygen species, H2O2, callose formation and lignin 
deposition in L. longifolia roots following inoculation with P. cinnamomi. The enhanced 
production of these resistance-related components in the early hours after inoculation strongly 
suggested their involvement in resistance and that this is controlled by the coordinated response 
of multiple components.  
         In order to further identify, during the very early stages of infection, the molecular 
components and regulatory networks that may trigger resistance, a comprehensive root 
transcriptome analysis was performed using next generation sequencing. Overall, eighteen 
cDNA libraries were produced generating 52.8 GB 126 base pair reads, which were de novo 
assembled into contigs. Differentially expressed genes were identified allowing the 
identification of infection-responsive candidate genes that were putatively related to resistance 
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and from this set ten were selected for qRT-PCR to validate the RNA-seq expression value. 
Further analysis of individual candidates revealed that many were involved in PAMP-triggered 
immunity (PTI) (pattern recognition receptors, glutathione S-transferase, callose synthases, 
pathogenesis-related protein-1, and mitogen activated protein kinases) and effector-triggered 
immunity (ETI) (NBS-LRR, signalling genes, transcription factors and anti-pathogenic 
compound synthase genes). As these candidate genes or mediated components activate 
different defence signalling systems, they may have potential for investigation of novel 
approaches to disease control and in transgenic approaches for improvement, in susceptible 
species, of resistance to P. cinnamomi. 
    To investigate the virulence mechanisms of P. cinnamomi in plants, the role of elicitins and 
elicitin-like proteins were examined using a susceptible model species, Lupinus angustifolius.  
Elicitins are 10 kDa proteins secreted by almost all Phytophthora species. The β-cinnamomin 
elicitin was isolated and purified from P. cinnamomi with the aim to develop an immunoaffinity 
purified antibody as a tool to examine virulence. The specificity of β-cinnamomin antiserum 
was confirmed through western-blot and isoelectric focusing analysis. The β-cinnamomin 
production was shown in different P. cinnamomi life stages and in inoculated plant roots by 
using immuno detection and confocal microscopy. Pre-treatment of zoospores with the β-
cinnamomin antiserum and then inoculation of susceptible L. angustifolius roots revealed a 
partial loss of virulence suggesting the intrinsic role of the elicitin.  
         The research presented in this thesis has contributed to an improved understanding of 
root resistance responses at cellular and molecular levels to the generalist and devastating 
pathogen P. cinnamomi. In addition, the research has created a platform to investigate other 
field resistant species that survive passage of the diseas
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 Literature Review 
This thesis is concerned with the interactions with plants of an extremely successful soil-borne 
plant pathogen, Phytophthora cinnamomi Rands. In the Australian context, and perhaps the 
world, P. cinnamomi is the most devastating pathogen on record. In Australia it affects wide 
areas of native vegetation and a range of horticultural and forestry crops in all states of Australia 
but it is also problematic in many other parts of the world including Europe (Jung et al. 2016), 
the Americas (McConnell et al. 2014) and Asia (Jung et al. 2017). The main research focus in 
this thesis is around understanding the interactions of specific plant hosts to infection by P. 
cinnamomi. The first chapter deals with a model system to develop robust ways in which 
resistance, which is very rare against this pathogen, can be shown and what the characteristics 
of resistance are. Further chapters then use a native plant system to investigate field resistance 
and the components of field resistance that enable those plants to survive the passage of the 
disease. The final chapter deals with the way in which P. cinnamomi is able to be virulent on 
the the thousands of species of plants that are susceptible to this generalist pathogen and focuses 
in specifically on elicitins as virulence factors.  In carrying out this research, the aim was to 
increase the fundamental understanding of the host- pathogen interactions particularly as it 
relates to resistance.  
There have been many reviews on the impacts of P. cinnamomi on plant species (see for 
example Hardham 2005; Cahill et al. 2009 and Burgess et al. 2016), however, the following 
literature review focuses on resistance responses and then specifically on the resistance 
responses and components of resistance in both model species and some host plant species 
from the molecular to the physiological and biochemical through to genome and transcriptome 
analysis.   
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1.1 General Introduction 
 
Phytophthora cinnamomi Rands {Kingdom: Stramenopila; Phylum: Oomycota (Dunstan et al. 
2010)}, causal pathogen of dieback or root rot disease has considerable economic and 
environmental impact on agriculture and natural vegetation, respectively (Podger 1978; 
Hardham 2005; Cahill et al. 2008; Robin et al. 2012; Kamoun et al. 2015; Santos et al. 2017). 
Considering its devastating effect on plants, this pathogen was listed as one of the 100 worst 
invasive alien species in the Global Invasive Species Database (http://www.issg.org) (Burgess 
et al. 2016) and also placed as one of the top ten oomycete pathogens (Kamoun et al. 2015). 
The pathogen occurs in all the states of Australia but the natural vegetation of the south eastern 
and south western part of the country is very seriously affected (Hook 2011). It has been 
estimated that this pathogen causes disease in several thousand plant species and many of them 
are native to Australia (Shearer et al. 2004; Hardham 2005; Cahill et al. 2008). In consideration 
of the devastating effects of the pathogen, it was listed as a key threating process according to 
Environment Protection and Biodiversity Conservation Act 1999 and a threat abatement plan 
was developed in 2014 to manage the effect on natural ecosystem in Australia (Environment 
Australia 2014). Recently, the updated abatement plan was drafted for public comment 
(Environment Australia 2017). The research on pathogen biology, effect on natural vegetation 
and plant-P. cinnamomi interactions has been reviewed in several reports (Weste and Marks 
1987; Hardham 2005; Cahill et al. 2008; Kamoun et al. 2015; Burgess et al. 2016). However, 
even though P. cinnamomi is acknowledged as one of the most devastating pathogens globally, 
few methods are available to control the diseases in natural systems. In addition, we know very 
little about how some plant species are able to survive infection and so a major focus of this 
thesis is to understand the interactions with resistant plant species.  
As an example of the direct economic impact of P. cinnamomi, the root rot disease caused by 
P. cinnamomi on avocado is the most important disease worldwide for this fruit crop as the 
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disease causes severe crop loss in different countries. For example, in Colombia tree mortality 
was found to be up to 50% due to this disease (Ramirez-Gil et al. 2017). Although extensive 
studies have been performed to combat the pathogen no completely effective control method 
has been established in either agricultural situations or in the vast vegetation communities that 
occur in natural ecosystems (Hardy et al. 2001). Development of resistant populations of plant 
species has been suggested as being the most viable option to suppress the disease caused by 
P. cinnamomi (Smith et al. 2011). 
Some progress has been made towards understanding resistance responses to foliar pathogens 
(Okubara and Paulitz 2005), however, the resistance mechanisms in roots to soil borne 
pathogens remains a great challenge and is much less understood (Millet et al. 2010; Chen et 
al. 2014). P. cinnamomi is a soil-borne pathogen and primarily it infects roots. Most  root 
pathogens are necrotrophic and plant defence appears to be genetically more complex against 
necrotrophic pathogens because of their relatively aggressive modes of invasion compared 
with, for example, the biotrophs (Birkenbihl and Somssich 2011; Amselem et al. 2011). 
Therefore, a large gap remains in how resistance against this category of pathogen occurs in 
roots.  
Pathogen/Microbial Associated Molecular Patterns (PAPMs/MAMPs)-induced defence is a 
mode of plant immunity where the plant host activates defence responses after recognition of 
pathogen associated molecules (Jones and Dangl 2006; Katagiri and Tsuda 2010). One such 
group of pathogen associated molecules are the elicitins. Elicitins are 10 kDa proteins, 
abundantly secreted in liquid medium by almost all Phytophthora species and are considered 
as MAMP molecules (Derevnina et al. 2016).  Elicitins ‘elicit’ the hypersensitive (HR) cell 
death mainly in tobacco and they activate immune responses to a variety of pathogens (Ricci 
et al. 1989; Kamoun et al. 1993; Kamoun et al. 1998; Derevnina et al. 2016). Purified elicitins 
from Phytophthora species induce vigorous defence responses to several pathogens even at 
4 
 
low concentrations and in vitro production of elicitins by Phytophthora isolates were shown to 
be negatively correlated with their ability to infect the plant (Yu 1995). Therefore, it has been 
established that elicitins act as an avirulence factor as well as a MAMP (Kamoun et al. 1998). 
However, recently elicitins have been shown to be involved in virulence of several 
Phytophthora species (Brummer et al. 2002; Horta et al. 2010; Dalio 2013). In addition, several 
elicitin-like proteins were found to be present in the Phytophthora genome (Jiang et al. 2016) 
but their function has not been elucidated yet.  Phytophthora cinnamomi produces elicitins 
(Horta et al. 2010) that have been suggested to be associated with virulence in this species but 
this has not been critically tested.    
The aims of the research presented in this thesis were the following: 
1. To explore the resistance mechanisms of a previously established resistant monocot 
model plant Z. mays following inoculation with P. cinnamomi. 
2. To classify an Australian native species L. longifolia as either resistant or susceptible 
through observing physiological, biochemical and cellular resistance components 
3. To explore via high throughput sequencing resistance-related genes in L. longifolia 
roots in response to P. cinnamomi 
4. To study the role of elicitins and elicitin-like proteins in P. cinnamomi-plant 
interactions 
1.2 The pathogen Phytophthora cinnamomi  
1.2.1 Phytophthora cinnamomi is a pathogenic oomycete 
 
Plants are frequently attacked by fungi, bacteria, viruses and nematodes as well as oomycetes 
which are arguably the most important group of disease-causing eukaryotic organisms due to 
them causing considerable economic loss in agriculture. Oomycetes cause some of the most 
devastating and economically significant plant disease in the world (Kamoun 2003; Schornack 
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et al. 2009). They were long considered to be within the Kingdom Fungi as the growth patterns 
of these two pathogenic groups are similar. Phylogenetic analysis, however, revealed that fungi 
are closer to animals whereas the oomycete’s closest relatives are the heterokont golden brown 
algae (Baldauf et al. 2000; Latijnhouwers et al. 2003). The historic importance and economic 
impact of this group of organisms on agricultural crop production and natural vegetation has 
created great concern and requires considerable research to formulate effective control 
measures. Several oomycete genera such as Phytophthora, Pythium, Hyaloperonospora, 
Plasmopara, Albugo, Aphanomyces and Pseudoperonospora have been described as plant 
pathogens within the group of oomycetes (Kamoun et al. 2015). Out of them, in terms of 
numbers of species, Phytophthora is the largest and is without doubt the most destructive genus 
(van West et al. 2003; Kamoun et al. 2015). 
1.2.2 The Genus Phytophthora 
 
The Phytophthora genus was first described by Anton de Bary in 1876 and was considered as 
a threatening factor for forests and other natural systems (de Bary 1876; Cooke et al. 2007). 
Phytophthora has more than 120 formally described species many of which are aggressive 
agents in natural forests and agricultural crop production on a global scale (Cooke et al. 2007; 
Hardham and Blackman 2010; O’Hanlon et al. 2016). Phytophthora infestans (Mont.) de Bary 
was the first recorded species and is responsible for late blight disease on solanaceous crops 
worldwide. Potato was the main source of food in Ireland and wide infestation of potato by P. 
infestans resulted in near complete destruction of the crop and lead to the Irish potato famine  
(1845-1846) where one million people died and another one million were displaced to other 
countries (van West et al. 2003; Nowicki et al. 2012). Current global yield loss of potato for 
late blight disease has been estimated at $6.7 billion annually (Rekad et al. 2017). To design 
effective control measures against Phytophthora through exploring the pathogenicity 
mechanisms and plant defense responses  the genome of selected oomycete pathogens 
6 
 
including P. infestans, P. ramorum and P. sojae which were the first species to be sequenced 
(Haas et al. 2009) has become an important tool for defence-related studies.  
Phytophthora ramorum has a large host range mainly in North America and Europe and 
includes the plant genera Rhododendron, Viburnum, Pieris, Syringa and Camellia. The host 
range of this pathogen is expanding rapidly due to its necrotrophic nature. The widespread 
distribution of sudden oak death caused by P. ramorum is found in 14 Californian counties, 
mainly in central coastal regions and a small area of southwestern Oregon, USA (Prospero et 
al. 2007; Grundwald et al. 2008; Meentemeyer et al. 2011). This pathogen causes two different 
types of disease on plants with different symptoms: i) sudden oak death due to bleeding lesions 
and stem cankers on oak, and ii) ramorum blight due to twig die-back and foliar lesions on tree 
and woody ornamental hosts (Grundwald et al. 2008). In contrast, P. sojae has a narrow host 
range and with this pathogen limited to infection of soybean and some species such as the 
susceptible Lupinus angustifolius. All parts of soybean plants can be affected by P. sojae. At 
the seedling stage damping-off symptoms are found in affected plants; while root and stem rot 
symptoms are found in mature infected soybean plants. It has been estimated that $1-2 billion 
dollars has been lost annually in the soybean industry due to damage caused by this pathogen 
(Tyler 2007). However, P. cinnamomi has braod host-range, is noted as threat to natural 
ecosystem, biodiversity, forestry and agriculture. The economic impact caused by this 
pathogen is evident in forest and food industry and, losses include not only crop yield or 
product value but also amount of money spent annually to control the disease (Reitmann et al. 
2017). 
1.2.3 Origin of Phytophthora cinnamomi 
 
Phytophthora cinnamomi was first isolated by Rands in Sumatra, Indonesia from stripe cankers 
on infected cinnamon (Cinnamomum burmannii) trees and described as a new species (Rands 
1922). The rapid spread of this pathogen on agricultural crops and forest tree species has 
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created great concern and has demanded a considerable research effort. The pathogen can infect 
more than 3000 species of plants and out of them, 2500 are native Australian species. Among 
the crops, avocado, pineapple, peach, chestnut and macadamia are major hosts of P. cinnamomi 
(Hardham 2005).  In Australia, P. cinnamomi was first reported in Queensland on pineapple as 
a causal agent of pineapple wilt and top rot disease (Newhook and Podger 1972). Moreover, 
the pathogen became notorious as a widespread disease of Eucalyptus marginata known as 
‘jarrah dieback’ a disease which is extensively found on jarrah forests in Western Australia.  
Large areas of jarrah trees had died due to dieback disease even before first being reported 
(Podger 1978). The origin of P. cinnamomi in Australia has been the subject of debate. 
Researchers first thought that P. cinnamomi was indigenous to Australia as it was found in non-
diseased vegetation (Shepherd 1975) and also large areas of natural vegetation in Australia had 
been affected by P. cinnamomi for many years. However, numerous subsequent reports have 
shown that P. cinnamomi originated from Asia and it is now treated as an ancient migrator into 
the country (Shepherd 1975; Zentmayer 1988; Arentz 2016). After being introduced from 
another country, P. cinnamomi is thought to have been disseminated over long distances within 
Australia by infested soil and plants that have been moved through human activities. More 
specifically, off road activities, infested soil of potted plants and natural dispersal through 
surface water flow have all been put forward as potential major contributors to the wide 
distribution of the pathogen (Grant and Barrett 2003; Shearer et al. 2007). In addition, many 
plant species in the natural vegetation communities of Australia are susceptible to P. 
cinnamomi enabling massive propagule build up and the potential for more species to be 
affected.  
1.2.4 P. cinnamomi morphology and reproductive structures  
 
Medium-dense, woolly and uniform growth of P. cinnamomi is found on V8 agar medium 
(Robin et al. 2012). It can be identified by the fungal-like growth habit such as aseptate 
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mycelium and production of asexual reproductive biflagellate spores called zoospores (Figure 
1-1). The fungal like hyphae and mode of nutrition initially led to its inclusion in the fungal 
kingdom instead of with other oomycetes, but there are some significant structural and 
biochemical differences that are found between oomycetes and true fungi (Hardham et al. 
1994; Hardham 2005). The most important differences are the presence of cellulose instead of 
chitin in the cell wall, and a predominantly diploid life cycle in nature and aseptate hypha 
(Latijnhouwers et al. 2003).    
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Figure 1-1: Different Asexual structures of P. cinnamomi  (A-B) Distinctive hyaline, coralloid 
mycelium (black arrow) and hyphal swellings (red arrow) (C) ellipsoild or lemon shaped 
sporangium (black arrow) with non-papillate tip (red arrow) (D) Zoospores released from 
mature sporangium (E) thick walled chlamydospore (red arrow) (F) Zoospore cysts (black 
arrow). Scale=50 µm 
 
Phytophthora cinnamomi is a heterothallic species, but normally completes its life cycle 
asexually. It has two mating types designated as A1 and A2 mating type and oospores are 
formed when A1 and A2 mating types are paired. In asexual reproduction, zoospores are 
formed in sporangium and the formation of sporangium requires a liquid environment. The 
motile zoospores are released when sporangia are matured and zoospores are the main 
infectious inoculums (Hardham 2005; Perez-Jimenez 2008).  The sporangia are ovoid or 
ellipsoid, mostly non-papillate, persistent and are formed on simple, unbranched 
sporangiophores (Figure 1c and 1d) (Robin et al. 2012). The mature multinucleate sporangia 
trigger cleavage of the sporangial cytoplasm into uninucleate zoospores after receiving 
environmental signals like decreased temperature or increased moisture. The wall material at 
the apex of the sporangium suddenly expands to form a vesicle and most of the zoospores are 
rapidly released from the sporangium by the buildup of hydrostatic pressure within the 
sporangium (Figure 1-1D) (Gisi et al. 1979; Hardham 2005). 
Phytophthora cinnamomi survive as oospores, chlamydospores and stromata in symptomatic 
and asymptomatic plants. Oospores form a dense cluster inside the water soaked lesion or 
asymptomatic tissue. Whereas stromata are aggregations of hyphae that generate several germ 
tubes in the root (Crone et al. 2013b). Chlamydospores are asexual spores, globose (Figure 1-
1E), resistant structures that are formed by expansion of the hyphal wall and cytoplasm flows 
into the structure. The wall of chlamydospores of P. cinnamomi is 0.5-0.6 µm thick whereas 
chlamydospores of other Phytophthora species are often thicker than P. cinnamomi. P. 
cinnamomi can survive for a long period, 2-6 years, as chlamydospores in soil, dead root pieces 
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or living root systems and chlamydospores can germinate during favorable conditions to form 
sporangium as well as the main infective structures, the zoospores (McCarren et al. 2005).    
 
 
1.3 Life cycle of P. cinnamomi and plant infection process  
 
Zoospores of P. cinnamomi are released from sporangia during favorable environmental 
conditions (warmer temperatures and high rainfall) and are chemotactically and 
electrotactically attracted to the root surface of potential host plants. Single zoospores can swim 
through water for several centimeters towards favorable infection sites and they utilize 
endogenous energy in the form of mycolaminarins and lipids (Figure 1-2) (Hardham et al. 
1994; Hardham 2007). Zoospores have two flagella (tinsel and whiplash type) and are 
heterokaryont as the morphology of the two flagella is different. Motility of zoospores is 
achieved due to the action of the two flagella that emerge from the center of a groove along the 
ventral surface of the cell. The tinsel flagellum ‘pulls’ the zoospore through water while the 
whiplash flagellum acts as a rudder to turn the zoospore (Hardham et al. 1994). After reaching 
to the plant surface, the pathogen secretes adhesive materials during encysment to attach to the 
plant surface and becomes immobile. Adhesive materials which are released from dorsal 
vesicles of the zoospore may protect the cyst from desiccation and materials released from 
ventral vesicles contribute to attachment of the cyst to an adjacent surface (Hardham and 
Gubler 1990; Hardham 2007). The PcVsv1 gene encodes the ventral vesicle adhesive that has 
been identified in P. cinnamomi and it was shown that the expression of PcVsv1 was up 
regulated following sporulation. In less than 10 minutes of encysment induction, the cyst 
develops a cell wall that is strong enough to allow turgor pressure to build up in the cells. 
Finally, cysts germinate after 20 - 30 minutes and produce a germ tube that penetrates the root 
surface. Phytophthora cinnamomi rapidly colonizes susceptible plant species and it can 
produce sporangia to form zoospores after 2 - 3 days of colonization (Hardham 2005). 
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Figure 1-2: Generalized life cycle of P. cinnamomi. Zoospores form cysts on the root surface 
which subsequently germinate and produce germ tube to penetrate in the root. Once inside the 
plant, the germ tube develops mycelium and grows into the plant cell. In absence of suitable 
host, the pathogen survives as chlamydospores in the soil. Sporangia are formed from 
mycelium or chlamydospore and zoospores are released from mature sporangium in response 
to environmental cues. Zoospores can swim towards favorable infection site. The sexual 
structure consists of a female oogonium and a male antheridium which fertilizes the oogonium 
resulting in diploid oospore.  
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1.4 The effect of P. cinnamomi on plants  
 
Phytophthora cinnamomi is a significant threat to plant biodiversity within Australia (Burgess 
et al. 2017). It can infect large numbers of plant species including avocado, pineapple, 
rhododendron and Australian native tree, shrub and heath species in a range of ecosystems 
including tropical and temperate rainforests, woodlands and sclerophyll forests (Podger and 
Brown 1989; Weste 2001; McDougall et al. 2006). Disease caused by P. cinnamomi commonly 
starts through the activity of the motile zoospores. At first zoospores adhere to the infection 
site on the root, typically the zone of elongation and emergent hyphae penetrate the plant 
epidermis. After colonization of the plant tissue, P. cinnamomi causes ‘root rot’ which impedes 
water and nutrient uptake. Infected plants therefore typically show drought-like symptoms 
(extensive chlorosis of the leaves) followed by die-back and death of the whole plant (Figure 
1-4D) (Keith et al. 2012; Hardham and Blackman 2010). 
In Australia, P. cinnamomi is not only a problem in agriculture or horticulture but also causes 
widespread damage in ecosystems in south-western Western Australia, Tasmania and Victoria 
(Burgess et al. 2017). The main factor allowing a buildup of the abundance of P. cinnamomi 
in these areas is the occurrence of conditions which favour asexual sporulation and zoospore 
production. The plants vary in their susceptibility ranging from tolerant (where plants show no 
visible symptoms) to highly susceptible (where plants are rapidly killed) (Shearer and Dillon 
1996; Keith et al. 2012). In Western Australia, 5710 different plant species have been recorded 
and among them 2284 plants were classified as susceptible in which 800 plants were classified 
as highly susceptible (Shearer et al. 2004). In sites where highly susceptible species dominate, 
the impact will commonly involve major structural changes with flow-on effects to habitat-
dependent plants and animals (Figure 1-3A-B)(McDougall et al. 2006; Dundas et al. 2016). 
Studies conducted in the Brisbane Ranges National Park, Victoria reported the destruction by 
P. cinnamomi of up to 45 percent of over storey species (Weste and Kennedy 1997). Another 
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study carried out in the Grampians National Park suggested that P. cinnamomi eliminates up 
to 75% understorey plant species in heath forests with the original floristic diversity replaced 
by resistant species such as sedges and grass (Weste 2003).  
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Figure 1-3: Effect of P. cinnamomi on the abundance and distribution of natural vegetation of 
Great Otway National Park, Victoria. A. Healthy, infection free region with species richness 
of Eucalyptus, Xanthorrhoea (arrow) and some other species B. Diseased area showing 
Xanthorrhoea dead (arrow) and brownish region due to activity of P. cinnamomi. Photograph 
taken May, 2013 at Great Otway National Park, Victoria. 
 
 
Figure 1-4: Development of disease caused by P. cinnamomi on the susceptible Australian 
native species X. australis.  A. Healthy plants containing dark green leaves B. Diseased plant 
at around 3 months infection started chlorosis from lower leaves C. Diseased plants at around 
6 months infection started wilting from lower leaves D. Diseased plant at around 1 year 
infection showing complete chlorosis of all leaves E. Severely infected plant at 2 year infection 
showing complete collapse of all leaves resulting F. Rotted stump at 3 year infection. 
Photograph taken November, 2016 at Wilsons Promontory National park, Victoria  
 
Xanthorrhoea australis is highly susceptible to infection by P. cinnamomi and is commonly 
used as an indicator species for the detection of disease. In eastern parts of Australia, soil 
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samples are often collected from beneath affected X. australis plants and the presence of P. 
cinnamomi tested using the collected samples. Disease symptoms in X. australis are rapidly 
observable as the yellowing of the leaves which become chlorotic and die and within one year 
the canopy collapses, ultimately followed by collapse of the trunk (Figure 1-4 A-F) (Duncan 
and Keane 1996; Aberton et al. 2001). X. australis provides food and habitat for many birds, 
insects and small mammal species including Pseudomys novaehollandiae Waterhouse (New 
Holland mouse) and the rare Antechinus minimus (Swamp antechinus) (Newell and Wilson 
1993; Wilson et al. 1990). Therefore, the effect of P. cinnamomi on X. australis has 
consequential effects on dependent flora and fauna, through degradation or loss of habitat and 
food supply (Newel 1998).  Species resistant to P. cinnamomi which recolonise areas post-
disease are generally less productive and less diverse, and provide a poorer habitat for fauna 
(Weste, 1994). 
1.5 Management of disease caused by P. cinnamomi  
 
Phytophthora cinnamomi produces chlamydospores which are an important form of survival 
structure in soil or symptomless plants and are a major inoculum source. Biological control 
agents can suppress P. cinnamomi infection through producing antibiotics but the development 
of resistance against such antibiotics make it difficult to control P. cinnamomi. The production 
of chlamydospores and antibiotic resistance features are quite unique for P. cinnamomi and 
assists making them successful phytopathogens that can infect a wide range of host plants 
(McCarren et al. 2005; Hardham 2005).  
 
Upon introduction, P. cinnamomi requires a source of nutrition for its growth and there are 
many suitable hosts present in Australian forests. When seasonal rainfall and a moderate 
climate along with a suitable host are present, Australian native forests are very conducive to 
the support of the P. cinnamomi life cycle (Weste and Taylor 1971). To date there is no 
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available method for complete eradication of P. cinnamomi from Australian natural forest, 
although drastic measures have been implemented and have been successful at a limited scale 
(Dunstan et al. 2010). Currently, the main method of control in native environments is to 
minimise the spread and effect of the pathogen and may involve the prevention of further 
infection through mapping of disease boundaries, host removal, hygiene, quarantine practices, 
fumigant treatment and phosphite application (Colquhoun and Hardy 2000). Among them, 
phosphite treatment is the principal method and has been established as an effective agent in 
controlling disease in agriculture and native forest ecosystem (Guest and Grant 1991; Hardy et 
al. 2001; Daniel et al. 2005). 
Potassium phosphonate (phosphite) is used as a foliar, root or soil drench. Trunk injection and 
the systemic nature of phosphite provides the potential for protection of plant tissues and organs 
against the pathogen from the point of application (Daniel et al. 2005; Scott et al. 2015). 
Phosphite shows a complex mode of action, acting either directly on the pathogen or indirectly 
in stimulating host defence responses to inhibit pathogenic growth (Barret et al. 2001, Gunning 
et al. 2013). Moreover, previous histological and biochemical studies indicated that phosphite 
has the capability to increase the levels of defence enzymes of the phenylpropanoid pathway 
and phenolic compounds in Eucalyptus marginata (Jackson et al. 2000). However, the 
capability of phosphite to reduce the effect of P. cinnamomi may vary considerably between 
species, season of application and vegetation community. Plant tissue phosphite level and 
control of P. cinnamomi decline over time and this rate of decline also varies between species. 
Although phosphite is considered to have low phytotoxicity foliar necrosis has been found on 
some native plant species following its application (Ali and Guest 1991; Hardy et al. 2001; 
Scott et al. 2016). In addition, repeated application of phosphite is required to maintain 
protection from the pathogen and its frequency depends upon the plant species being treated. 
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Thus, phosphite application can be expensive; time consuming and impractical in some cases 
(Cahill et al. 2008). 
Therefore, a more promising research area towards the development of effective methods for 
controlling P. cinnamomi is an improved understanding of the key mechanisms employed by 
resistant plant species. This knowledge will not only increase our basic understanding of plant-
pathogen interactions but also could be applied to susceptible species. Genetic modifications 
with key gene(s) responsible for resistance are not practical for natural systems but could be 
effective for agricultural and horticultural systems. The identification of key molecules which 
provide resistance to the pathogen could, however, be used as a fungicide-like treatment either 
as an exogenous spray or injection to protect susceptible species from the pathogen. 
1.6 Overview of resistance responses of plants to pathogens 
 
Plants have both preformed and inducible mechanisms to stop pathogen invasion. Extant 
morphological barriers (cuticle and wax), phytoaniticipins and antimicrobial proteins are the 
first line of preformed defence against pathogen penetration. These defence mechanisms must 
be avoided or overcome by a pathogen to be able to enter into a plant. Once contact has been 
established, pathogens produce and release elicitors which may induce further defences and 
which is referred to as ‘basal resistance’ and includes reinforcement of cell walls, production 
of phytoalexins and the synthesis of defence related proteins (Slusarenko et al. 2000; van Loon 
et al. 2006; Kishimoto et al. 2010; Lloyd et al. 2014; French et al. 2016).   
Plant disease resistance is correlated with the activation of a diverse set of defence mechanisms 
based on the type of pathogen (i.e. biotrophic or necrotrophic) (Zhang et al. 2013b; Pandey et 
al. 2016) (Figure 1.5). Pathogens are classified as biotrophs, hemi-biotrophs and necrotrophs 
on the basis of their life style. Biotrophs obtain their nutrients from living cells and for that 
they do not kill their host but obtain nutrients by specialised structures, the haustorium. In 
contrast, necrotrophs use dead cells to derive their nutrients and they secrete various molecules 
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and toxins to kill the host. Hemi-biotrophs initially establish an infection biotrophically and 
then switch to a nectrotrophic phase to derive nutrients from dead cells which have been killed 
by their activities (Wang et al. 2014).  
1.6.1 Plant disease resistance to biotrophic pathogens 
1.6.1.1 Plant basal disease resistance   
Basal defence based on PAMP-triggered immunity (PTI) which can consist of both non-host 
and host resistance provides the first line of defence to the infection by a wide range of 
biotrophic pathogens. Host resistance is usually pathogen specific in that it is restricted to a 
particular plant species and commonly is expressed against a specific pathogen species whereas 
non-host resistance is the resistance of all members of a plant species to a specific parasite or 
pathogen. Non-host resistance is the most common type of disease resistance which is 
expressed by every plant towards the majority of potentially pathogenic microbes (Heath 1987; 
Staskawicz et al. 1995; Heath 2000; Gururani et al. 2012).  The basal defences are activated 
by elicitors which can be either plant components released by the hydrolytic activity of 
pathogen enzymes or other pathogen components such as pathogen associated molecular 
patterns (PAMPs) which include lipopolysaccharides, chitins, glucans and flagellins 
(Nürnberger et al. 2004). Pathogens can trigger a basal resistance in plants due to the 
widespread presence of these molecular components in their cells (Freeman and Beattie 2008). 
PAMP triggered immunity is initiated upon recognition of PAMP molecules by cell surface 
receptors and its induction is associated with MAP kinase signalling, transcriptional induction 
of pathogen-responsive genes, production of reactive oxygen species, and deposition of callose 
to reinforce the cell wall at sites of infection, all of which contribute to prevention of microbial 
growth (Nurnberger et al. 2004; Chisholm et al. 2006; Zhang et al. 2013b; Muthamilarasan 
and Prasad 2013). Pep13 was the first identified PAMP molecule from the oomycete pathogen 
P. sojae which induced defence responses in solanaceous plants (Nurnberger et al. 2004; 
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Schwessinger and Zipfel 2008). Another elicitor was a lectin identified from P. nicotianae var. 
nicotianae and was shown to trigger defence responses in Arabidopsis and tobacco 
(Nurnberger et al. 2004; Gaulin et al. 2006)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-5: Overview of molecular based plant resistance to Biotrophic pathogens.  The 
resistant responses to biotrophic pathogens consist of two layers. The first layer started through 
recognition of pathogen associated molecular patterns (PAMPs) by pattern recognition 
receptors, followed by activation of MAPK cascade leading to immune responses. The 2nd layer 
of defence initiated by interaction between pathogen effector and plant R protein and resulted 
hypersensitive response (HR), SA dependent signalling leading to systemic acquired resistance 
(SAR). This diagram was adapted from Zhang et al. (2013b). 
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The different responses such as ion flux across the plasmamembrane, increased intracellular 
Ca2+ concentration, oxidative burst, MAP kinase activation, protein phosphorylation and 
receptor endocytosis have been recorded  after seconds to minutes following PAMP treatment 
(Altenbach and Robatzek 2007; Schwessinger and Zipfel 2008). Later there is a PTI response 
which may include callose deposition and production of phytohormones (e.g. salicylic acid, 
jasmonic acid and ethylene) (Zipfel and Robartzek 2010). During the oxidative burst, 
superoxide or hydrogen peroxide are produced and acts against the pathogen.  These reactive 
species may be directly toxic to pathogens or in the presence of iron, hydrogen peroxide gives 
rise to the extremely reactive hydroxyl radicle. Alternatively, the reactive species may 
contribute to the structural reinforcement of plant cell walls, either by cross linking various 
hydroxyproline and proline rich glycoproteins to the polysaccharides matrix or by increasing 
the rate of lignin polymer formation by way of peroxidase enzyme activity (Lamb and Dixon 
1997).  However, virulent pathogens secrete effector proteins to suppress PAMP triggered 
immunity and subsequently plants have evolved receptor-like R proteins which are able to 
detect these pathogen effectors and activate a second line of defence against pathogens (Bent 
and Mackey 2007; Gururani et al. 2012; Zhang et al. 2013b). 
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Figure 1-6: Overview of molecular based plant resistance to Necrotrophic pathogens.  The 
resistance starts through recognition by receptor like kinases (RLKs) and mainly based on 
defensin, phytoalexin and JA/ET signalling to induce immune responses. This diagram was 
adapted from Zhang et al. (2013b). 
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counter defence strategy, plants have developed a recognition system by which host resistance 
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gene for gene interaction (Flor 1955). Avr proteins are required for the pathogen as virulence 
factors (e.g. they are required for full levels of pathogen growth) on a susceptible host. Thus, 
at the population level, both host and pathogen have to maintain recognition and virulence, 
respectively (Nimchuk et al. 2003). Several studies indicated that the interaction of R protein 
and Avr protein is indirect rather than a direct interaction and this interaction is described as 
the ‘guard hypotheses’. According to that hypothesis, R proteins activate defence when they 
interact with a guardee protein (another plant protein) which is targeted and modified by the 
pathogen. Resistance is triggered when the R proteins detect and attempt to modify its guardee 
(Mackey et al. 2002; McDowell and Woffenden 2003; Guruanai et al. 2012).  
One of the most important features of R-gene mediated resistance (also called effector-
triggered immunity, ETI) is the hypersensitive response (HR) that is initiated within hours of 
initial contact with the pathogen and where plant cells undergo programmed cell death (Figure 
1-5). HR is especially effective in response to biotrophic pathogens as they cannot survive in 
dead cells (Zhang et al. 2013b). Two mechanisms have been described to explain HR 
formation. Either the attacked cell initiates a regulated cell death program or the responding 
cells are rapidly poisoned by the toxic compounds and free radicals they have synthesized and 
thus die as a result of necrosis (Yu et al. 1998; Nimchuk et al. 2003).  However, HR is not 
always essential to restrict the pathogen growth in some gene for gene interactions and in this 
case an oxidative burst, induction of PR gene expression and salicylate production are activated 
before HR cell death (Hammond-Kosack and Jones 1996; Yu et al. 1998). In addition to the 
above mentioned responses, synthesis of antimicrobial enzymes and metabolites, secretion of 
signalling molecules to activate defence in neighbouring cells, reinforcement of plant cell walls 
surrounding the infection site, calcium influx, alkalization of the extracellular space, activation 
of protein kinase, production of reactive oxygen intermediates and nitric oxide are also 
activated against the pathogen during R-gene mediated resistance (Yu et al. 1998; Dangl and 
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Jones 2001).  ETI has been studied extensively and in some cases R-genes have been exploited 
in the crop to protect it from a pathogen. For example, RPi (resistance to Phytophthora 
infestans) gene has been introduced in cultivated potato variety Desiree (Foster et al. 2009). 
However, due to the predominance of monoculture those cultivars carrying an R-gene may 
create selection pressure on the pathogen that carries the corresponding Avr gene.  To survive, 
the pathogen may evolve to modify or delete the complementary Avr gene or generate a novel 
effector gene that can escape recognition by the old R-gene product and that leads to 
susceptibility (Jones and Dang 2006; Li et al. 2013). Therefore, exploiting new knowledge on 
molecular mechanisms of plant-pathogen interactions is required for disease resistance crop 
breeding programs. 
1.6.2 Plant disease resistance to necrotrophic pathogens 
 
Gene-for-gene based resistance is not generally found in resistance to necrotrophic pathogens, 
however, pathogenic elicitors are recognized by various plant pattern recognition receptors 
(PRRs), such as receptor like protein kinases (RLKs) (Figure 1-6) (Zhang et al. 2013b). After 
recognition, plants trigger mitogen activated protein kinase (MAPK) cascades and activate 
phytohormone dependent or independent signalling that leads to the mounting of several 
defence responses to invading necrotrophic pathogens (Pandey et al. 2016). These defense 
responses often involve the induction of specific transcription factors that activate defence-
related genes and result in the accumulation of defensive compounds and phytoalexins (Zhang 
et al. 2013b; Pandey et al. 2016). Moreover, the generation of ROS is a major component of 
HR induced defence and is very effective against biotrophic pathogens but favours 
necrotrophic pathogens during colonisation of host cells (Greenberg 1997; Pandey et al. 2016). 
However, early induction of ROS is reported to be important in resistance to several 
necrotrophic pathogens, though the mechanisms have not been elucidated (Vleeshouwers et al. 
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2000; Asselbergh et al. 2007). Additionally, during interactions with necrotrophic pathogens 
reinforcement of the plant cell wall is activated at the pathogen penetration sites to prevent 
further penetration. The induction of callose and lignin is also involved in the reinforcement of 
cell walls and several studies have reported their induction against necrotrophic pathogens (Ton 
and Mauch-Mani 2004; Eynck et al. 2012; Bellincampi et al. 2014). 
1.6.3 Downstream responses that drive resistance: transcription factors, 
phytohormones and secondary metabolites 
1.6.3.1 Transcription factors 
Transcription factors regulate different stages of plant immune responses and are members of 
MYB, bZIP, bHLH, AR2/ERF, WARKY and NAC families. These transcription factors are 
associated with signalling networks over different layers of resistance leading to transcriptional 
changes which are essential components of the resistance response (Tsuda and Somssich 2015). 
One of the transcription factors, NAC, are members of a large family of plant-specific 
transcription factors and the name NAC comes from the initially characterized members of the 
family, NAM from petunia, ATAF1 and CUC2 from Arabidopsis (Voitsik et al. 2013). The 
members of this family have been described for their involvement in model and host plant 
defense networks and they both positively and negatively regulate the defence network of 
plants. For example, functional analysis of ATAF1 was shown to be involved as a repressor of 
PR gene expression in Arabidopsis suggesting it acted as a negative regulator (Delessert et al. 
2005; Wang et al. 2009a). In contrast, OsNAC6 and OsNAC19 act as transcriptional activators 
and their overexpression in rice plants showed higher resistance to the blast pathogen, M. grisea 
(Nakashima et al. 2007; Lin et al. 2007). To date, 115 NAC genes have been identified by 
phylogenetic analysis in maize (Zhu et al. 2012) but few have been tested by expression 
analysis. Recently, two NAC transcription factor genes (NAC41 and NAC100) were shown to 
be induced in maize leaves following inoculation with the anthracnose leaf blight pathogen C. 
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graminicola. The induction of both transcription factors were enhanced by jasmonic acid 
whereas ZmNAC100 was highly induced by salicylic acid suggesting their role in 
phytohormone triggered defence responses (Voitsik et al. 2013).  
1.6.3.2 Phytohormones 
Plants produce a wide range of hormones such as auxin (Indole-3-acetic acid, IAA), 
gibberellins, cytokynins (CKS), salicylic acid (SA), ethylene (ET), jasmonic acid (JA), abscisic 
acid (ABA)  and brassinosteroides (BRs) hormones in response to biotic and abiotic stress 
responses (Umehara et al. 2008; Bari and Jones 2009). Several studies suggested that the 
changes in concentration of these phytohormones in plants in response to pathogen infection 
may play a role inthe signalling pathways that lead to plant defence against pathogens (Adie et 
al. 2007; Bari and Jones 2009). Different phytohormones may be involved in development of 
pathogen resistance depeneding on the life style of the pathogen (Wang et al. 2014). SA, for 
example, has a central role in induction of plant defence responses against biotrophic and 
hemibiotrophic pathogens as well as in the establishment of systemic acquired resistance 
(SAR) (Grant and Lamb 2006; Danance et al. 2013; Guerreiro et al. 2016). Whereas JA and 
ET are usually involved in induction of defence against necrotrophic pathogens, although some 
exceptions are found in association of JA with induction of resistance against biotrophic 
pathogens (Berrocal-Lobo et al. 2002; Danance et al. 2013).  JA signalling activates the 
expression of some defence related genes and previous microarray data indicated an overlap of 
expressed genes induced by JA and ET suggesting their synergistic role against pathogen 
(Schenk et al. 2000; Bari and Jones 2009).  
ABA has complex roles in regulating plant resistance signalling to pathogens especially 
necrotrophic pathogens. ABA may act positively or negatively in regulating plant defences to 
pathogens (Ton et al. 2009; AbuQamar et al. 2017). For example, higher amounts of ABA 
were quantified from several necrotrophic pathogen infected plants suggesting its positive role 
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in resistance. While exogenous ABA application increases susceptibility in tomato to Botrytis 
cinerea indicating their negative role in resistance (Audenaert et al. 2002; AbuQamar et al. 
2017).  However, none of these phytohormones except SA (Rangel-Sanchez et al. 2014) or 
CKS (Cahill et al. 1986) have been quantified in plants infected with P. cinnamomi.     
1.6.3.3 Secondary metabolites  
 
Plants produce a large and diverse array of organic compounds which don’t have direct 
functions in growth and development but may have roles in defense, often referred to as 
secondary metabolites. The presence of higher concentrations of secondary metabolites in 
plants can result in elevated resistance against attacking pathogens (Wink 2008; Schafer and 
Wink 2009; Mazid et al. 2011). Secondary metabolites are of two types: i) prohibitins or 
phytoanticipins which are constitutive substances and ii) phytoalexins which are induced 
metabolites formed in response to an infection (Slotz et al. 1999; Mazid et al. 2011).  
Phytoalexins are defined as low molecular mass inducible secondary metabolites that have 
antimicrobial activity and that are induced upon stress which stimulates synthesisof the 
metabolic pathway enzymes. Phytoanticipines are considered as the first line of constitutive 
chemical barriers against pathogens. In contrast to phytoalexins, phytoanticipins are preformed 
compounds that are active in a preexisting manner upon pathogen attack (Gonzalez-Lamothe 
et al. 2009)  
Phytoalexins are currently considered as one of the important inducible defence responses of 
plants (Pedras et al. 2011; Ahuja et al. 2012). More than 30 plant families have been studied 
to identify phytoalexins and more than 350 phytoalxins have been identified in response to 
pathogenic infection. Among them, camalexin is a well-studied phytoalexin which is produced 
in the model plant Arabidopsis by the recognition of the range of different pathogen derived 
molecules known as pathogen-associated molecular patterns such as oomycte NEP-1 like 
proteins and a bacteria derived peptidoglycan (Qutob et al. 2006; Gust et al. 2007; Ahuja et al. 
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2012). Moreover, it has also become clear from different studies that camalexin is an effective 
phytoalexin that inhbits hemibiotrophic pathogens such as P. brassicae (Schlaeppi et al. 2010), 
Leptosphaeria maculans (Bohman et al. 2004) and Golovinomyces orontii (Consonni et al. 
2010) but not biotrophic pathogens (Ahuja et al. 2012).   
The production of phytoalexins induced by pathogenic infection is not limited to the model 
plant Arabidopsis but is much more diverse in crop plants. To date, the biosynthesis, production 
and accumulation of phytoalexins has been studied in Brassicaceae, Fabaceae, Solanaceae, 
Vitaceae and Poaceae crops in response to pathogen infection or elicitor treatments and their 
role in pathogen defense. The phytoalexins that accumulate in Poaceae are kauralexins and 
zealexins (maize), avenanthramides (oat), diterpenoids and the flavonoid sakuranetin (rice) and 
3-deoxyanthocyanidins (sorghum) upon response to pathogen attack (Ahuja et al. 2012). 
Significant kauralexins accumulation was quantified in maize by Colletotrichum graminicola 
and Rhizopus microsporus infection. The isolated kauralexins have been evaluated against C. 
graminicola and R. microsporus growth and an inhibitory effect was found suggesting a 
possible role of these phytoalexins in defence against pathogens (Schmelz et al. 2011). 
Zealexins are acidic sesquiterpenoides produced in maize following induction by several 
pathogens. The accumulation of zealexins A1, A2, A3 and B1 was detected at local sites of 
infection in maize stem tissue infected by C. heterostrophus, R. microsporus, C. sublineolum, 
F. graminearum and Aspergillus flavus. Like kauralexins, zealexins also showed antimicrobial 
activities against the above mentioned pathogens (Huffaker et al. 2011). The accumulation and 
bioactivity of both kauralexins and zealexins indicate that terpenoid phytoalexins are both 
important and chemically diverse components of maize innate immunity. However, studies on 
phytoalexins that might be involved in resistance to Phytophthora are very limited.  
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1.6.4 Systemic acquired resistance (SAR) and Induced systemic resistance (ISR) in 
plants  
 
Local responses can trigger a long lasting systemic response which is termed systemic acquired 
resistance (SAR) that is a form of resistance against a broad spectrum of pathogens. (Dong 
2001; McDowell and Woffenden 2003). In contrast to ETI, SAR is not associated with the 
hypersensitive response (HR) or programmed cell death (PCD), instead it improves cell 
survival. The massive transcriptional reprogramming dependent on the transcription factor 
NPR1 and induction of antimicrobial PR proteins are associated with SAR (Wang et al. 2005; 
Fu and Dong 2013).  Moreover, the oxidative burst has also been reported in non-inoculated 
systemic resistance of leaves that indicates an association of H2O2 accumulation in SAR 
(Alvarez et al. 1998; Durrant and Dong 2004). The role of salicylic acid in SAR has been 
extensively studied for many years and the higher level of salicylic acid (SA) in disease free 
systemic leaves of many diseased plants demonstrates the involvement of SA in SAR resistance 
and signalling (Ryals et al. 1996; Durrant and Dong 2004). However, in addition to SA, a few 
studies have described lipid molecules as acting as mobile signal molecules in SAR 
(Maldonado et al. 2002).  
Induced systemic resistance (ISR) is another form of induced resistance where plant defences 
are preconditioned by prior infection or treatment that results in resistance against subsequent 
challenge by a pathogen or parasite. ISR is activated by plant growth promoting rhizobacteria 
(PGPR) and Pseudomonas spp is well characterized strain of PGPR that does not cause any 
visible symptom on roots. In contrast to SAR, ISR activate resistance responses which are 
dependent on jasmonic acid (JA) and ethylene pathways (Heil and Bostock. 2002; Choudhury 
et al. 2007). 
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1.6.5 Host plant resistance against Phytophthora species 
 
The most studied Phytophthora-plant pathosystems are P. infestans and tomato/potato and the 
P. sojae-soybean interaction (Judelson 1996; Tyler 2007; Meng et al. 2014). There are a 
number of resistance genes that have been identified and cellular responses have been described 
at the genetic level for these pathosystems (Al-Kherb et al. 1995; Roetschi et al. 2001; Korgan 
et al. 2011). The general response of plants to a pathogen i.e. the deposition of cell wall 
strengthening compounds such as callose and lignin has been detected in compatible and 
incompatible interaction with P. infestans. Moreover, a higher abundance of PR proteins, and 
synthesis of phytoalexins, polyphenol oxidases and phenols in highly resistant plants has also 
been widely described, suggesting their role in resistance against P. infestans (Conrath et al. 
2001; Korgan et al. 2001). Arabidopsis is a true host of P. brassicae and some resistance 
responses including HR and the rapid accumulation of callose papillae along cell walls has 
been found for this pathosytem. However, mutants of Arabidopsis deficient in SA or JA or ET 
did not show susceptibility to P. brassicae suggesting that resistance responses are independent 
of these defence related phytohormones (Roetschi et al. 2001; Kamoun 2003).  
Phytophthora blight caused by P. capsici is an important disease of capsicum (Capsicum 
annuum) and many species within the families Solanaceae and Cucurbitaceae. Studies on the 
role of phytohormones in inducing defence against P. capsici demonstrated that ET application 
but not SA or JA increased resistance. Transcript analysis of ethylene treated plants showed 
the higher accumulation of PR1, a marker gene induced during SAR but not NPR1 indicating 
that ethylene can induce systemic defence possibly via a pathway independent of NPR1 
(Nunez-Pastrana et al. 2011). In addition to phytohormones, recent studies have shown the 
involvement of β-1,3-glucanase, presumably to facilitate degradation of the pathogen cell wall,  
and peroxidase (possibly involved in regulating the phenylpropanoid pathway) in resistance of 
pepper against P. capsici (Wang et al. 2013).  
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Race specific resistance based on a gene for gene mechanism has been found in fully resistant 
non-host plants of Solunum nigrum (black nightshade, a weed species), parsley and tobacco 
where typical HR is observed at all infection sites when challenged by P. infestans (Kamoun 
et al. 1998; Vleeshouwers et al. 2000; Huitema et al. 2003). A number of resistance genes have 
also been described in soybean and their function triggered by the presence of an avirulence 
proteinfrom P. sojae. For example, Rps1 is activated on presence of Avr1a (Tyler 2007). Very 
recently Ma et al. (2017) showed that resistance to P. sojae in soybean may be compromised 
by a decoy protein produced by the pathogen within the apoplastic space of the soybean cell 
wall and this decoy mechanism is likely to be active in a number of Phytophthora-plant 
systems.   On the basis of the examined interaction between host and P. infestans, the HR can 
be highly localized and even to a single epidermal cell or a small number of cells surrounding 
penetrating hyphae. The development of the HR indicates that all known forms of R-gene 
mediated genetic resistance of host and non-host are associated to P. infestans (Kamoun et al. 
1999; Kamoun 2003; Huitema et al 2003).  
 
1.6.6 Overview of plant resistance against P. cinnamomi 
1.6.6.1 Resistance of Australian native plant species  
There are number of extensive and long term studies that have been performed on the 
interaction between Australian native plant species and P. cinnamomi in the field in the state 
of Victoria by the late Dr Gretna Weste. Vegetation changes following invasion by P. 
cinnamomi have been extensively monitored in the Grampians, Brisbane Ranges and Wilson’s 
Promontory National Parks. Moreover, the influence of P. cinnamomi on threatened plant 
communities has been measured over a period of 30 years (Weste and Taylor 1971; Weste and 
Kennedy 1997; Wilson et al. 2000; Weste 2001; Weste et al. 2002; Weste 2003). These studies 
found that a large majority of the plant species in these regions were susceptible to P. 
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cinnamomi while only a few were considered field resistant (field resistance is defined here as 
a species that survives in the field in the presence of P. cinnamomi without showing any 
symptoms of disease) (Weste 2001; Weste 2003). 
Plant reaction to P. cinnamomi varies from highly susceptible to full resistance and only a few 
Australian native species have been described as resistant in field and glasshouse experiments. 
The nomenclature around the response of plants to P. cinnamomi is somewhat confusing and 
various plant species have been categorized as highly susceptible, moderately susceptible, 
slightly susceptible, susceptible and field resistant. To address this Allardyce et al. (2012) used 
a systematic approach to determining the resistance or otherwise of a plant host and devised 
parameters that separate susceptibility from resistance.  Among the field resistant species are 
included Lomandra filiformis, Lepidosperma laterale, Gahnia radula, G. sieberiana, Acacia 
pulchella, Corymbia calophylla and Eucalyptus ovata. The pathogen is able to invade the roots 
of these species but the plants can restrict lesion expansion very quickly and within a few days 
(Weste 2001; Cahill et al. 1993; Cahill and McComb 1992). Hence, the plants can survive in 
the field without showing above ground symptoms and they are often active colonisers of 
infested sites as the pathogen cannot proliferate in the roots. Field resistant plants have also 
shown enhanced lateral root formation behind the zone of necrosis that may enable their 
persistence in infested soil (Cahill et al. 1993; Philip and Weste 1984). Disease appearance 
also depends on environmental conditions as plants only show symptoms when the 
environment is favourable for P. cinnamomi growth and sporulation. For example, high soil 
moisture and warm soil temperatures favour pathogen growth and plants may show disease 
symptoms during these conditions which may be enhanced by subsequent water stress (for 
example during dry, summer conditions in Australia or drought). Hence, assessment of 
resistance in Australian native species under laboratory conditions is a prerequisite for to the 
elucidation of the mechanisms that underlie resistance in the field.  
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The following sections describe three key aspects of the interaction of P. cinnamomi with its 
hosts that will be the subject of chapters within this thesis:  1) Resistance at the cellular level; 
2) Resistance at the molecular level; 3) Role of elicitins in interactions with P. cinnamomi 
 
1.6.6.2 Resistance at the cellular level 
A number of studies have been performed to identify the cellular resistance responses of plants 
to infection by P. cinnamomi in both model plant and other host plant species. For example, 
phenolic compound deposition, increased cell wall lignification and callose deposition have 
been demonstrated in roots infected by P. cinnamomi (Cahill et al. 1989; Cahill and McComb 
1992; Dempsey et al. 2012). Callose is a glucan polymer, which can form an effective physical 
barrier at the penetration site of pathogen ingress and it can make the cell wall less vulnerable 
to degradation by pathogen cell wall degrading enzymes (Ponce de Leon and Montesano 2013). 
The deposition of callose was recorded from the roots of resistant legume species A. pulchella 
(Tippett and Malajczak 1979) and A. melanoxylon, a field resistant sedge species Ghania 
radula, a resistant Eucalyptus species E. calophylla and the model species Zea mays (Hinch 
and Clarke 1982; Hinch et al. 1985; Allardyce 2011) as well as Triticum aestivum (Cahill and 
Weste 1983). Moreover, callose was also detected from roots and leaves of Arabidopsis 
thaliana in response to P. cinnamomi inoculation (Robinson and Cahill 2003; Rookes et al. 
2008). 
Lignification by the production of lignin itself or lignin-like phenolic compounds is an 
important mechanism that develops a stronger plant cell wall that may prevent hydrolysis by 
pathogen cell wall degrading enzymes (Bari and Jones 2009). Lignin deposition has been 
demonstrated in roots following infection with P. cinnamomi in E. calophylla (Cahill et al. 
1989; Cahill and McComb 1992), a resistant grass species Themeda australis (Cahill et al. 
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1989), leaves of the model plant A. thaliana (Rookes et al. 2008) and roots of the model plant 
Z. mays (Allardyce 2011). Phenylalanine ammonia lyase activity (PAL) catalyses the first step 
in the phenylpropanoid pathway which supplies the precursors for lignin, phenolics and 
phytoalexins (Umesha 2006). Increased levels of PAL activity and total soluble phenolics have 
been recorded for roots of E. calophylla following inoculation with P. cinnamomi (Cahill and 
McComb 1992). In addition, susceptible Avocado roots showed higher production of H2O2 and 
NO in response to P. cinnamomi inoculation, though these responses were not enough to stop 
the pathogen growth inside the root (Gracia-Pineda et al. 2010). 
Zea mays has become a useful model plant to study the interaction between a resistant species 
and P. cinnamomi. The cellular response of Z. mays has been studied and the deposition of 
autoflourescent material, callose, lignin, production of H2O2 and localised cell death has been 
found in inoculated root tissue (Allardyce 2011). However, the role of individual cellular 
compounds found associated with resistance of both model and non-model hosts has not been 
established unequivocally.  
1.6.6.3 Resistance at the molecular level 
 
Several studies have been performed to identify the molecular components of resistance of 
different plant species against P. cinnamomi, but still large gaps remain in understanding the 
molecular mechanisms of resistance to P. cinnamomi. Avocado has been studied by a number 
of groups because it is a major commercial fruit and is a host of P. cinnamomi so there is great 
interest in identifying defence-related genes from infected, tolerant avocado roots.  EST 
sequencing showed increased up regulation of genes related to general defence such as those 
that encoded a metallothionein, a putative stress protein, a thaumatin like protein, cytochrome 
P450 and oomycete specific resistance related genes such as those encoding a pathogenesis 
related protein, LRR like resistance protein and an oxysterol-binding protein (Mahomed and 
van den Berg 2011). In a more recent follow up study, higher transcript abundance of defence 
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related genes such as those encoding phenylalanine ammonia-lyase, pathogenesis-related 
protein-5, enchitinase, glutathione s-transferase and metallothionein was found in tolerant 
avocado rootstocks in response to P. cinnamomi (Engelbrecht and van den Berg 2013). 
Furthermore, several proteins such as isoflavone reductase, cinnamyl alcohol dehydrogenase, 
several abscisic acid stress-ripening proteins and cinnamoyl-CoA reductase have been detected 
by a proteomic approach in P. cinnamomi inoculated avocado roots (Acosta-Muniz et al. 2012). 
Additionally, a recent two transcriptome study in Persea americana and Castanea spp. infected 
with P. cinnamomi revealed the induction of defence-related genes as well as those involved 
in phytohormone signalling pathways (Reeksting et al. 2014; Serrazina et al. 2015). However, 
the induction of defence-related genes in resistant host plant especially Australian native field 
resistant species through transcriptome studies has not been investigated yet. In addition, the 
actual contribution of individual genes or their encoded protein to resistance to P. cinnamomi 
remains largely unknown. 
 
Arabidopsis is widely used to increase the understanding of many plant pathogen interactions 
due to several advantages such as having a short life cycle, being cultivable in a restricted 
space, having a sequenced genome, possessing high transformation efficiency and the 
availability of a large number of mutant lines (Koornneef and Meinke 2010). For example, to 
explore the contribution of the phytohormone JA and ET and defence-related genes in  
resistance against P. cinnamomi, different Arabidopsis over-expressor/mutant lines were 
analysed following inoculation with P. cinnamomi (Rookes et al. 2008). None of the over-
expressor or mutant lines showed increased resistance or susceptibility, respectively to the 
pathogen. Moreover, Northern-blot analysis of P. cinnamomi inoculated Arabidopsis leaves 
showed the higher expression of JA-related defence gene PDF1.2, this higher expression was 
not found in inoculated root tissue suggesting a tissue-specific defence responses to the 
pathogen In a further and more recent study, an abscisic acid deficient mutant aba2-4 showed 
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increased susceptibility to P. cinnamomi indicating the role of abscisic acid in resistance to P. 
cinnamomi (Eshraghi et al. 2014a).  
In addition to Arabidopsis as a model plant, recent microarray analysis of the interaction of P. 
cinnamomi with the model plant Z. mays showed the differential expression of various genes, 
including high up-regulation of genes involved in phytoalexin production and JA/ET 
biosynthesis. Moreover, the genes encoding glutathione S-transferases, involved in detoxifying 
reactive oxygen species, and protease inhibitors were also up regulated (Allardyce et al. 2013). 
However, the role of these genes in Z. mays resistance to P. cinnamomi has not been 
established.   
 
1.7 Significance of elicitins and elicitin-like proteins in plant-Phytophthora interactions  
Elicitins were first identified as abundant small molecular weight proteins (10 kDa) secreted 
by the oomycete pathogens P. cryptogea and P. capsici and that induced cell death in tobacco 
(Ricci et al. 1989). A number of species of Phytophthora have subsequently been shown to 
secrete elicitins: cryptogein (secreted by P. criptogea), parasiticein (secreted by P. parasitica), 
infestin 1 (INF1, secreted by P. infestans), plurivorin (secreted by P. plurivora) capsicein 
(secreted by P. capsici), quercinin (secreted by P. quercina) and cinnamomin (secreted by P. 
cinnamomi) (Oßwald et al. 2014). These proteins act as inducers of defence responses 
specifically in the Brassicaceae and Solanaceae families. Elicitins have apparently originated 
from a complex of multigene families with diverse subclasses defined as canonical elicitins 
(ELI) and elicitin-like (ELL) genes (Jiang et al. 2006). ELIs are divided into three classes and 
Class I elicitins are further classified according to their pI: the elicitins of pI < 5 are considered 
acidic (α-elicitins) and the elicitins of pI > 5 are considered basic (β-elicitins). Both α and β-
elicitins may be present within the same Phytophthora species (Ponchet et al. 1999; Uhlikova 
et al. 2016). Class II elicitins are hyperacidic (HAE, pI = 3.5) (Ponchet et al. 1999; Qutob et 
al. 2003) (Figure 1-7). The different classes of elicitins were further grouped into 17 clades by 
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using phylogenetic analysis of ELIs and ELLs from different Phytophthora species. The class 
I and class II elicitins were grouped into clade ELI-1 whereas class III elicitins were grouped 
in 13 different clades. The ELI-1 clade is more diverse being secreted and well characterized 
(Jiang et al. 2006; Oswald et al. 2014) whereas ELL clades are hypothesized to be anchored 
with Phytophthora plasmamembrane and cell wall (Qutob et al. 2003; Huitema et al. 2005). 
Even though there was considerable early interest in Phytophthora elicitins, it is only recently 
that their characterization and potential roles have been critically assessed, we still don’t 
understand their biological role in Phytophthora-interactions. 
 
 
 
 
 
 
 
 
Figure 1-7: Classification of Phytophthora canonical elicitins (ELIs) 
1.7.1 Role of elicitins as a sterol carrier in Phytophthora sp.  
Sterols are major components of plant and animal cell membranes that maintain membrane 
fluidity and permeability of all eukaryotic organisms (Vauthrin et al. 1999; Gaulin et al. 2010). 
Plants have sterol binding proteins, also called non-specific lipid transfer proteins,that may 
contribute to plant defence as some anti-pathogenic proteins show homology to sterol carrier 
proteins. For example, transgenic overexpression of a barley lipid transfer protein LTP2 in 
tobacco and Arabidopsis increased tolerance to Pseudomonas syringae pv. Tomato (Molina 
and Garcia-Olmedo 1997). While it has been shown that sterols contribute to oomycete growth 
Phytophthora elicitins  
Elicitin domain (98 amino acids) 
Canonical elicitins (ELIs) 
Class I 
1α (A) (pI 4.0-5.0) 1β (B) (pI 5.1-8.5) 
Class II (pI range 3.5) Class III (pI range 3.5-4.0) 
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and sporulation (Stong et al. 2013), Phytophthora species are not able to synthesise sterols and 
they therefore rely on external sources (Derevnina et al. 2016). Several studies have 
demonstrated the sterol carrier capabilities of elicitins in vitro indicating their potential role in 
this process (Mikes et al. 1997; Vauthrin et al. 1999; Osman et al. 2001b).  It has been shown 
that elicitins have a hydrophobic cavity which is used to enclose the sterol (Osman et al. 2001b) 
and the crystal structure of an elicitin-sterol complex suggested a conserved region, the ώ-loop, 
which was important for sterol binding (Boissy et al. 1996; Derevninea et al. 2016). Therefore, 
there is reasonable evidence that elicitins should be considered as sterol carrier proteins in 
Phytophthora sp.   
1.7.2 Role of elicitins as avirulence factors in Phytophthora sp. 
In addition to their putative role as sterol carrier proteins in Phytophthora elicitins are well-
established as oomycete PAMP-molecules able to induce HR in several plant species (Kamoun 
et al. 1993; Uhlikova et al. 2016). Bonnet (1985) first examined the toxicity of culture filtrates 
from 15 isolates derived from 8 Phytophthora species that were non-pathogenic on tobacco. At 
first, the author graded the strains as highly toxic (HT) or weakly toxic (WT) by dipping a cut 
off tobacco root tip in individual Phytophthora strain culture filtrate. In the case of the HT 
strains, plants showed severe necrosis whereas WT strains showed little necrosis. On the basis 
of this result, the concept of “incompatibility toxins” was coined meaning that only 
Phytophthora species non-virulent towards N. tabacum were able to synthesize specific toxins. 
However, a following study purified the toxic compound from P. cryptogea culture filtrate and 
characterized the toxic entity as β-cryptogein, a basic elicitin (Bonnet et al. 1986). Further, 
Ricci et al. (1992) compared 15 P. parasitica isolates (nine of them were isolated from N. 
tabacum and the rest were isolated from other hosts) to test their ability to cause disease on 
seedlings. The results showed that the isolates from N. tabacum caused severe disease on 
tobacco whereas others only caused necrosis on tobacco leaves. The authors investigated the 
38 
 
culture filtrates derived from the necrosis-causing isolates and concluded that an acidic elicitin, 
parasiticein, was responsible for inducing necrosis as well as protecting plants from black 
shank disease. Moreover, it was also concluded that the lack of parasiticein production by 
virulent isolates may have been a factor in their pathogenicity on tobacco (Bonnet et al. 1994). 
To further investigate the role of Phytophthora elicitins in host-pathogen interactions, several 
Phytophthora species including P. parasitica (virulent and non-virulent on tobacco) P. capsici, 
P. cinnamomi, P. citricola, P. infestans, P. megasperma among others were examined for 
elicitin production and elicitins were identified from all tested species. The elicitin cryptogein 
along with parasiticein were tested for their ability to induce a necrotic hypersensitive response 
and a positive result was found for tobacco. Taken together these results indicated that elicitins 
may act as an avirulence factor in the interaction with N. tabacum (Kamoun et al. 1994). 
However, for several P. parasitica isolates collected from N. tabacum in South Africa and 
Australia, even though they showed reduced virulence on tobacco, they were able to produce 
parasiticein (Kamoun et al. 1994; Bonnet et al. 1994). In a further study it was demonstrated 
that virulent P. parasitica isolates had downregulated activity of the parasiticein gene, parA1, 
which may have enabled the pathogen to circumvent recognition by plant receptors and thereby 
avoid induction of defence reactions (Colas et al. 2001). 
In an attempt to confirm the role of elicitins, a gene silencing strategy was used to inhibit the 
production of the acidic elicitin infestin 1 (INF1) in P. infestans (Kamoun et al. 1998). It was 
found that INF1-deficient strains were highly virulent on Solanum tuberosum. Moreover, there 
was no change in resistance as compared to control, when N. tabacum or N. rustica leaves were 
inoculated with silenced strains. These results indicated that the INF1 elicitin of P. infestans 
was neither involved in susceptibility nor in resistance. However, when resistant N. 
benthamiana leaves were infected with INF1-deficient strains a decrease in resistance was 
measured, demonstrating that the acidic elicitin INF1 was probably working as an avirulence 
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factor in this specific host-pathogen interaction (Kamoun et al. 1998). Nevertheless, most of 
the work that has examined the role of elicitins has been limited to tobacco (Uhlikova et al. 
2016).  
1.7.3 Role of elicitins as virulence factors in Phytophthora sp. 
There are only a few Phytophthora sp for which studies have demonstrated a potential role for 
elicitins as virulence factors (Brummer et al. 2002; Manter et al. 2010; Dalio 2013). The acidic 
elicitin, plurivorin, was identified as a main protein from culture filtrates of P. plurivora and 
to be involved in the susceptible interaction with its host plant Fagus sylvatica (European 
Beech). It was demonstrated that P. plurivora hyphae were no longer able to penetrate F. 
sylvatica root tissue when the secreted plurivorin was immunoprecipitated with a specific anti-
plurivorin antibody. The F. sylvatica defence-related genes were up-regulated in root tissue 
when plurivorin was blocked by the antibody, indicating that the elicitin plurivorin possibly 
acts in addition directly or indirectly as a suppressor of defence genes during the successful 
penetration of root tissues by P. plurivora (Dalio 2013). Moreover, the P. ramorum genome 
has two elicitin genes each encoded by a class 1 elicitin protein (ram-α1 and ram-α2).  A 
positive correlation was found between the amount of elicitin (ram-α2) production by P. 
ramorum and its virulence on rhododendron leaves using a wound-inoculated detached leaf 
assay, possibly indicating that this P. ramorum elicitin might be involved in infection (Manter 
et al. 2010). In addition, a basic elicitin was detected in Quercus robur roots infected with P. 
quercina, suggesting an important relationship with infection (Brummer et al. 2002).  
1.7.4 Role of elicitins in P. cinnamomi 
In P. cinnamomi, four elicitin genes in a cluster were identified (Duclos et al. 1998) and the 
first gene encoded a class I basic (β-cinnamomin) elicitin protein whereas 2nd, 3rd and 4th genes 
encoded class II acidic (HAE1-cinnamomin), class I acidic (α-cinnamomin) and class II acidic 
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(HAE2-cinnamomin) elicitin proteins respectively (Pernollet et al. 1993; Horta et al. 2008; 
Oßwald et al. 2014).  
The general properties of elicitins on N. tabacum were examined for P. cinnamomi elicitins on 
two different Quercus species (Q. suber and Q. ilex) and it was found that pre-treament with 
cinnamomins (both α-cinnamomin and β-cinnamomin) restricted pathogen infection in roots in 
both species. Moreover, the strong induction of resistance-related parameters including 
production of hydrogen peroxide, superoxide anion and defence-related enzymes was found in 
cinnamomin treated roots which was indicative of an avirulence role of the P. cinnamomi 
elicitins. P. cinnamomi was able to infect the same plant without pre-treatment with 
cinnamomins indicating that plant defences were not induced when, during infection, 
cinnamomin was secreted by the pathogen (Ebadzad et al. 2015). Two other studies (Horta et 
al. 2008; Horta et al. 2010) showed the direct or indirect association of β-cinnamomin on the 
virulence of P. cinnamomi on cork oak (Q. suber). It was demonstrated that all four elicitin 
genes were highly expressed at different P. cinnamomi infection stages in Q. suber roots 
indicating a contribution to virulence in this interaction (Horta et al. 2008). Moreover, a 
silenced knock down mutant of β-cinnamomin was generated and it was found that the mutants 
were less virulent compared with fully functional controls again indicating the association of 
β-cinnamomin in the virulence of P. cinnamomi. The authors did not exclude the possible effect 
of transformation itself on reducing virulence in the β-cinnamomin mutant (Horta et al. 2010). 
Clearly more needs to be learned to enable a stronger correlation to be established between β-
cinnamomin production and P. cinnamomi virulence. 
1.8 Concluding statements 
Due to P. cinnamomi causing a devastating disease on Australian native vegetation and the fact 
that there are few resistant plant species , the interaction of P. cinnamomi with those resistant 
species is an important area for research so that the molecular components of these interactions 
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can be identified and eventually assist the development of alternative control strategies. Few 
plant species have been reported as field resistant and none of these species has been 
characterized in terms of their ability to survive infection and passage of the disease through 
the landscape. There have been very few attempts to study the importance of individual cellular 
and molecular components in native species or model species in terms of their resistance to P. 
cinnamomi and ways that those that have been identified may be manipulated.  Therefore, this 
thesis presents a body of research that provides advanced, fundamental knowledge about the 
components of resistance to P. cinnamomi that will build a platform from which resistance 
strategies and alternate methods of control may arise.  
 
1.9 Thesis objectives 
 
The research presented in the thesis aims to study the interaction of P. cinnamomi with a model 
plant species and then extend that to a native Australian host. The major aim of the research 
was to establish an Australian native plant species as a resistant plant under controlled 
laboratory conditions so that the components of resistance could be examined at the cellular, 
molecular and transcriptomic levels but also to explore the role of elicitins in the interaction.  
As mentioned previously the aims of this thesis were four fold: 
• To investigate the resistance-related genes and their expression and the role of 
phytohormones in resistance of Zea mays to infection by P. cinnamomi 
• To analyse the components of resistance of an Australian native host, Lomandra 
longifolia  
• To undertake a transcriptome analysis of Lomandra longifolia roots following infection 
by P. cinnamomi 
• To isolate and functionally analyse the elicitins and elicitin-like proteins of 
Phytophthora cinnamomi 
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Four experimental chapters, each one addressing one of the aims, are included in this thesis 
and a brief summary of each follows: 
Chapter 2: Fundamental components of the resistance response in Zea mays to infection 
by Phytophthora cinnamomi: jasmonic acid is a key regulator   
To achieve the major aims, at first this study focused on exploring the resistance mechanisms 
of a previously established resistant monocot model plant, Z. mays. The resistance-related 
genes were selected based on a previous microarray study and other recent reports. Semi-
quantitative and quantitative quantifications were then performed to analyze the expression of 
these selected genes at a range of time points. To further explore the mechanisms of resistance 
in this system, induction of phytoalexins were evaluated and phytohormones quantified from 
roots infected with P. cinnamomi. 
Chapter 3: Active defence by an Australian native host, Lomandra longifolia, provides 
resistance against Phytophthora cinnamomi 
To establish Lomandra longifolia, an Australian native species, as a resistant species, I 
examined several parameters that had been established as being required for resistance against 
P. cinnamomi. Once resistance was confirmed then several induced cellular components related 
to resistance were analyzed.  Moreover, the expression of genes induced during cellular 
responses was examined and those specifically related to resistance were identified and their 
expression. 
Chapter 4: Transcriptome analysis, using RNA-seq, of Lomandra longifolia roots infected 
with Phytophthora cinnamomi reveals complexity of the resistance response 
Following establishment of resistance in L. longifolia, a transcriptome study was performed 
using next generation sequencing (NGS) of L. longifolia roots infected with P. cinnamomi. The 
major objective of this study was to explore and to provide an overview of defense mechanisms 
used by L. longifolia against the generalist necrotroph P. cinnamomi. In this chapter, the 
transcriptome of infected roots was compared with uninfected controls at a range of time points. 
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The transcriptome study revealed the expression of elicitin-like genes in infected roots 
suggesting their involvement in P. cinnamomi pathogenicity.  
Chapter 5: Functional analysis of elicitins and elicitin-like proteins in Phytophthora 
cinnamomi 
The aim of this chapter was to link elicitins and elicitin-like proteins whose genes were found 
to be induced in the transcriptome study to the virulence of P. cinnamomi. This chapter 
examined the production of β-cinnamomin in the liquid medium as well as during different 
growth stages of zoospores. An antiserum was developed and using purified β-cinnamomin its 
production in inoculated root tissue was examined and the impact on susceptibility of blocking 
the elicitin with the antibody was also examined. Elicitin-like proteins and cell-wall associated 
proteins of P. cinnamomi were also examined and quantified using high end analytical 
techniques.  
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 Fundamental components of the resistance response in Zea mays 
to infection by Phytophthora cinnamomi: jasmonic acid is a key regulator   
2.1 Introduction 
Zea mays is considered a non-host of P. cinnamomi and was used as a resistant model plant in 
several early studies because this species is one of the few members of the Gramineae plant 
family that survive P. cinnamomi infection without showing any major symptoms. The 
pathogen is readily attracted to and penetrates young seedling roots of Zea mays, it has a high 
germination rate and relatively rapid growth (Hinch and Clarke 1982; Wetherbee et al. 1984; 
Hinch et al. 1985). In addition to these advantages, the recent sequenced genome has facilitated 
investigation of the molecular mechanisms that underlie resistance to P. cinnamomi (Allardyce 
et al. 2011). In addition to these studies that have focussed on interactions with P. cinnamomi, 
there is a considerable amount of research that has been performed to elucidate and to provide 
insights into Z. mays interactions with other pathogenic species (Pechanova and Pechan 2015). 
Early studies reported that inoculated roots of Z. mays showed restricted lesions at the 
inoculation site and that the plant’s physiology was not compromised by pathogen infection 
(Hinch et al. 1985). This work was further extended in subsequent years to demonstrate the 
production of adhesive materials by P. cinnamomi zoospores to enable them to attach to Z. 
mays roots (Gubler and Hardham 1988). Moreover, to explain the ability of Z. mays to restrict 
the pathogen, the cellular resistance component, callose, was found in the form of cell wall 
associated papillae at regions of contact between the host plant cell and pathogen hyphae 
suggesting a possible association with resistance (Hinch and Clarke 1982; Wetherbee et al. 
1984). However, a full explanation for resistance and the components required for resistance 
were not explored in these studies. 
Recently, Z. mays has been extensively investigated with the aim of this species being  
established as a model plant in order to explore the molecular elements of root resistance to P. 
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cinnamomi (Allardyce et al. 2012; Allardyce et al. 2013). The most recent work with Z. mays 
and P. cinnamomi by Allardyce et al. (2013), was a comprehensive analysis of the resistance 
responses in comparison with that of a susceptible species and, through a microarray analysis, 
identified a number of components in Z. mays that contributed to resistance beyond what was 
found in the earlier studies. The microarray analysis identified a range of genes that were up-
regulated and were apparently important in resistance to P. cinnamomi. Of particular note were 
those genes that encoded enzymes for the jasmonic acid (JA) and phytoalexin biosynthesis 
pathway and various transcription factors and proteins involved in defence signalling. The 
current chapter builds on the work of Allardyce et al. (2013) and further investigates the 
components of resistance in Z. mays roots that restrict infection by P. cinnamomi. 
In the microarray data, kaurene synthase 2 (An2) and terpene synthase 11 (Tps11) were the top 
most up-regulated genes in the data set at an early infection time-point (6 hours post-
inoculation) (Allardyce et al. 2013). These two genes are involved in kauralexins and zealexins 
synthesis, respectively, and these phytoalexin products have been shown to be involved in 
inhibition of several pathogens of Z. mays (Schmelz et al. 2011; Huffaker et al. 2011). 
Moreover, one lipoxygenase gene (LOX1) was also induced in Z. mays in response to P. 
cinnamomi. LOX1 is involved in oxygenation of α-linolenic acid which is required for the 
initial step of JA biosynthesis (Wasternack and Hause 2013). However, the expression of these 
genes was only examined by Allardyce et al. (2013) at two time points following inoculation 
(6 and 24 hours post-inoculation), therefore, the time at which up-regulation or suppression of 
gene expression commences is still largely unknown in this system.  
Of the several hundreds of studies conducted on P. cinnamomi to date, the majority have been 
focused on the effect of disease on different susceptible species at various locations and how 
management practices to protect susceptible species could be applied. Only a relatively small 
number of studies have investigated host plant resistance responses and defence-related gene 
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induction (Cahill and Weste 1983; Phillips and Weste 1984; Cahill et al. 1989; Cahill and 
McComb 1992, Cahill et al. 1992; Reiter et al. 2004; Rookes et al. 2008; Mahomed and van 
dan Berg 2011; Allardyce et al. 2012; Eshragi et al. 2014a; Reeksting et al. 2014; Serrazina et 
al. 2015; Reeksting et al. 2016). These studies have described several aspects of the resistance 
to P. cinnamomi either in model plants (e.g. Arabidopsis) or non-model (e.g. Castanea) host 
plants, however, an understanding of what are the key mechanisms employed by resistant 
species are is largely unknown. This lack of understanding is primarily due to the complexity 
of working with root pathogens, the difficulty of growing resistant native species under 
controlled conditions and a lack of establishment of useful model root systems. In addition, 
resistance mechanisms in roots have been relatively poorly studied compared with those in 
leaves which are much more readily available for analysis, in both host and non-host studies 
(Millet et al. 2010).  
 Other studies have found the induction of several phytohormone pathway genes during 
root infection that have suggested the possible involvement of JA, indole-3-acetic acid (IAA), 
salicylic acid (SA), cytokinins (CKs) and abscisic acid (ABA) in plant resistance to P. 
cinnamomi (Cahill et al. 1986; Rookes et al. 2008; Mahomed and van dan Berg 2011; Garcia-
Pineda et al. 2010; Groves et al. 2015; Rangel-Sanchez et al. 2014; Eshragi et al. 2014a; 
Eshragi et al. 2014b; Reeksting et al. 2014). Phytohormones are low molecular weight 
molecules that have been shown to act both synergistically and antagonistically in a complex 
network to regulate various resistance mechanisms and in response to a variety of stresses 
(Pieterse et al. 2009; Jaillais and Chory 2010).  
Whether there is involvement of specific phytohormones in resistance depends somewhat on 
the life-style of the challenging pathogen. On the basis of life-style, pathogens are classified 
into three main groups: biotrophic, hemi-biotrophic and necrotrophic (Danance et al. 2013). 
The important roles of SA, JA and ethylene (ET) signalling pathways in plant disease resistance 
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to a number of pathogens have been well described. SA signalling regulates plant resistance 
networks against biotrophic pathogens, while JA/ET signalling pathways are usually effective 
against necrotrophic pathogens. However, some exceptions have been found to this general 
rule (Berrocal-Lobo et al. 2002; Robert-Seilaniantz et al. 2011; Danance et al. 2013). 
Moreover, other phytohormones like IAA or ABA have been recently described as crucial 
factors in plant-pathogen interactions (Ton et al. 2009; Wang and Fu 2011; Danance et al. 
2013). However, quantitation of the production of phytohormones in plants inoculated with P. 
cinnamomi has not yet been reported with exception of SA and CKs.  Rangel-Sanchez et al. 
(2014) quantified SA from avocado (Persea americana) roots infected with P. cinnamomi and 
the SA level was found not to be induced compared with the control plants. Nevertheless, the 
exogenous application of SA increased the concentration of phenol-2,4-bis (1,1-dimethylethyl) 
in roots which was found to inhibit P. cinnamomi growth indicating a possible role for 
exogenous SA application for control of disease in avocado. 
Therefore, the current chapter set out to analyse resistance-related gene expression in the 
monocot model, Z. mays, following infection with P. cinnamomi using semi-quantitative and 
quantitative RT-PCR. Inoculated root extracts were also evaluated for the presence of induced 
anti-pathogenic metabolites by examining their effect on zoospores activity. Additionally, the 
concentrations of SA, JA, ABA and IAA was determined in roots following inoculation with 
P. cinnamomi.   
2.2 Materials and Methods 
2.2.1 Growth and maintenance of plants  
 
Seeds of Zea mays (Variety: Early Leaming) were purchased from Greenpatch Organic seeds 
(NSW, Australia) and the plants were grown in a soil-free plant growth system (SPS) based on 
the method of Gunning and Cahill (2009). Briefly, seeds of Z. mays were soaked for 24 hour 
(h) in tap water in a beaker prior to seeding. Seeds were then sterilized with 1% (v/v) sodium 
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hypochlorite for 2 minutes and rinsed with sterile distilled water for another 2 minutes. The 
sterilized seeds were then dried on four layers of paper towel. To the base of each SPS box was 
added 1 L of water and 500 µL of 1/3 strength Total Horticultural Concentrate (THC) nutrient 
solution (THC, Excel distributor, Reservoir, Australia). The filter paper (Whatman No. 1 Kent, 
England) was cut into square pieces and the flat back of each tray was covered by moist filter 
paper. Three water saturated cotton wool square pads (Swisspers, Australia) were placed across 
the top of the tray after cutting them in lengthwise. The front and back sections of the tray were 
clipped together with fold back clips (Tudor, PaperlinX, Preston, Australia) and replaced within 
the base unit. Seeds were placed along the top of the tray with the hilum facing downwards and 
covered by cotton wool ripples which were sprayed with tap water by spray bottle to keep moist 
of seeds (Figure 2-1). The SPS boxes were kept in a temperature controlled growth cabinet 
maintaining temperature at 21.5°C with 16/8 h photoperiod at 250-300 µmol m-2s-1. Water 
containing 1/3 strength THC were sprayed daily on the seeds. Then cotton wool was removed 
after 3 days of seeding and non-germinated seeds were removed from the tray. The filter paper 
and water with nutrient solution within the base of unit was changed every 5 days.  
  
Seeds of L. angustifolius var Wonga were obtained from Narracoorte seeds (SA, Australia) and 
soaked in tap water for 4-6 h prior to seeding. The seeds were grown in SPS system as described 
for Z. mays. 
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Figure 2-1: Z. mays plants grown in SPS system (1= back panel of tray, 2= front panel of 
tray, 3= fold back clips, 4= holding rack and 5= nutrient container). (A) Seeds were sown in 
between two trays after sterilization. (B) Ten days old Z. mays seedlings grown in SPS 
system. Scale 2 cm. 
 
2.2.2 Pathogen establishment  
 
P. cinnamomi isolate (DU-67, previously isolated from base of Xanthorrhoea australis at 
Anglesea, VIC, Australia) from Deakin University culture collection was used for the current 
study. To confirm that the isolate was indeed P. cinnamomi a culture was grown on V8 medium 
for morphological identification. The morphology was examined under a bright field 
microscope (Axioskop 2 mot plus microscope, Zeiss). 
2.2.3 P. cinnamomi zoospore production  
 
Zoospores were produced according to the method described by Allardyce, (2011). Briefly, a 
subculture of P. cinnamomi was established by placing a single 5 mm plug of P. cinnamomi 
mycelium from a stock plate onto the centre of a 10% CV8 agar medium plate and then 
incubated in the dark at 24°C for 3 days. Six 5 mm agar plugs were then cut from the colony 
edge and transferred onto sterilized miracloth disc that had been cut to size and placed on the 
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surface of a 10% CV8 agar medium plate. The plates containing the miracloth and mycelial 
plugs were then incubated in the dark at 24°C for 5-8 days (Figure 2-2A). Five such plates were 
normally set up for each inoculation cycle. 
Each miracloth disc was then removed from the 10% CV8 plate and placed in a sterilized 250 
mL conical flask containing 100 mL 5% CV8 broth. The conical flasks were sealed with 
aluminium foil (figure 2-2B) and then placed on an orbital shaker at 110 rpm under 3×30 watt 
fluorescent lights for 16-22 h at 24°C. The 5% CV8 broth was decanted and the miracloth was 
washed three times by 100 mL Mineral Salts Solution (MSS) at 15 minutes interval to induce 
the sporangia formation (Figure 2-2C). The flasks were again incubated for 20-24 h in the 
orbital mixer incubator (Ratek) at 110 rpm under 3×30 watt fluorescent light at 24°C. After 
incubation, the miracloth was washed with 50 mL MSS for 15 minutes and transferred in fresh 
sterile 9 cm petridish by sterile forceps. The miracloth was rinsed with 20 mL pre chilled sdH20 
and further 20 mL pre chilled water was added in the petridish (Figure 2-2D). The plates were 
sealed with parafilm and incubated at 4°C for 1 h to induce the process of zoospore release 
from the sporangium. The petri dishes were placed at room temperature and zoospore release 
monitored by light microscope at low power on every hour (h) and it took approximately 5 h 
to get enough concentrations of zoospores.  
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Figure 2-2: P. cinnamomi zoospore production steps. (A) Six agar plugs (indicated by number) 
was transferred on miracloth containing V8 agar plates and incubated for 5-8 days. (B) 
Miracloth was placed in V8 (5%) broth containing conical flask (arrow) and incubated in 
orbital shaker for 16-20 h. (C) Miracloth (indicated by arrow) was removed from V8 broth and 
transferred in MSS solution after washing. (D) After 20-24 h of incubation in orbital shaker, 
the miracloth was transferred in cold water containing petridish (arrow). The petridish was 
sealed with parafilm and treated with cold for 1 h and kept in room temperature for several h 
(2-5 h) to produce zoospores.  
2.2.4 Determination of Zoospore density  
 
For density determination, the zoospore suspension was transferred to a 50 mL tube and the 
tube was kept on bench for 15 minutes to allow it settle in the tube. From the suspension, 1 mL 
was taken in 1.5 mL centrifuge tube and the tube was vortexed for 60 seconds to induce 
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zoospore encystment. The tube was then inverted 2-3 times by hand before a 10 µL drop was 
placed on each counting grid of a bright line haemocytometer. The number of zoospores were 
counted under a light microscope at 40X magnification. The concentration of zoospore was 
adjusted to 1×105 spores/mL from the original suspension to use as inoculum for inoculation. 
2.2.5 Zoospores inoculation procedures 
 
Prior to inoculation, SPS boxes were transferred from the growth cabinet and each SPS unit 
was laid flat on the bench. The inoculated region of each root (2.5 cm from the root tip) was 
marked by black pen. A piece of parafilm was placed beneath the inoculated region of each 
root and 20 µL drops of zoospore suspension were placed along the marked region of each root 
to a  maximum of 100 µL/root. Control plants were inoculated in similar way with sdH2O. 
After inoculation, the clear front section of the SPS unit was kept across the plants to avoid 
contact between inoculum suspensions and to maintain a humid environment. Trays were left 
on the bench for 1 h to facilitate for zoospore encystment and then the trays were clipped 
together and returned to the growth cabinet maintaining the conditions described in section 
2.3.1. To monitor lesion development, 20 plants of each species were inoculated with zoospores 
and a similar number of plants were also inoculated with water as a control. Photographs were 
taken of individual trays at 48, 72, 120 and 168 hpi and lesion length was measured by image 
J.  
2.2.6 Confirmation and maintenance of P. cinnamomi isolate virulence 
To maintain the virulence of the P. cinnamomi isolate used in this study, the isolate was passed 
through L. angustofolius roots approximately every 3-4 months, to prevent any loss of virulence 
due to long time subculturing on artificial medium (Erwin 1983). The plants were grown in the 
SPS system for 7 days and roots were inoculated by 5×20 µL droplets from 1×105 zoospores 
as described in section 2.2.4. The roots were harvested at 72 hpi and root sections were placed 
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on PARPH medium. Two 5 mm2 plugs were transferred from outer growth edge of PARPH 
medium onto CV8 agar plates and incubated in the dark at 24°C. 
2.2.7 Monitoring of P. cinnamomi caused infection 
 
An infection time course was conducted over 3 h to monitor P. cinnamomi attachment and 
penetration of to Z. mays root. To perform this experiment, roots of Z. mays were excised and 
placed on microscope slides and 20 µL droplets of zoospores were added to the slides. The 
speed of root attachment and penetration was monitored by bright field microscopy. 
Photographs were taken with the camera mounted to the microscope (Axioskop 2 mot plus 
microscope, Zeiss). Images were acquired using SPOT RT software (SPOT RT Slider, 
Diagnostic Instrument Inc.). 
2.2.8 Gene expression analysis 
2.2.8.1 Inoculation of plants  
Z. mays plants were inoculated as described in the section 2.2.5 and inoculated plants were 
harvested at 0 hpi, 3 hpi, 6 hpi, 12 hpi and 24 hpi. The harvested roots were immediately frozen 
in liquid nitrogen and the samples were stored in -80°C until RNA extraction. L. angustifolius 
plants were also inoculated along with Z. mays as a control to confirm the inoculation. The 
inoculated roots of both species were harvested at 24 hpi and root segments were placed on 
Phytophthora-selective medium plates containing antibiotics pimaricin, ampicillin, rifampicin, 
pentachloronitrobenzene and hymexazol (PARPH) (Kellam and Coffey 1984). Two replicates 
were maintained, each consisted 12 control and 12 inoculated plants at each of five time points. 
All harvested root tissue within each treatment group at the five time points was pooled for 
each RNA extraction. 
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2.2.8.2 Extraction of total RNA 
 
Total RNA was isolated from root tissue using a TRIzol®-based RNA extraction system (Life 
Technologies) according to manufacturer’s instruction from plant tissue. Briefly, root tissues 
were grounded under liquid nitrogen within pre-chilled mortar to a fine powder prior to the 
addition of 1 mL TRIzol® per 100 µg of tissue. The lysate was transferred to RNase-free 1.5 
mL tube and incubated for 5 minutes at room temperature to permit complete desiccation of 
nucleoprotein complex. Chloroform (0.2 mL per 1 mL TRIzol®) was added to the tube and 
tube was shaken vigorously by hand for 15 seconds before incubating 2-3 minutes at room 
temperature. The sample was centrifuged at 12000 ×g for 15 minutes at 4°C and the mixture 
was separated into following three layers: a colourless upper aqueous phase, an interphase and 
a lower red phenol chloroform phase. The upper aqueous phase was transferred into fresh 
RNase-free tube without touching the interphase and 0.5 mL of 100% isopropanol was added 
to the aqueous phase prior to incubation for 10 minutes at room temperature. The precipitate 
was centrifuged at 12000 ×g for 10 minutes at 4°C and the supernatant was removed from the 
tube. The pellet in the tube was washed with 1 mL of 70% ethanol and the tube was vortexed 
briefly. The tube was then centrifuged at 7500 ×g for 5 minutes at 4°C following the 
supernatant was again decanted and the tube was inverted onto absorbent paper to draw off any 
residual liquid. The tube was left in the fume hood to air dry the RNA pellet and the RNA pellet 
was re-suspended with 40 µL RNase-free water by pipetting up and down 20-30 times. Finally, 
the RNA samples were incubated at 55-60°C in a water bath for 10 minutes and the quantity 
was measured using a Nano Drop® spectrophotometer. A 1 µL drop of each sample was on 
the measurement pedestal and the NanoDrop set to RNA-40. The final concentration was 
measured based on the absorbance at 260 nm and the measurement was expressed as ng/µL 
total RNA. The ratio (>1.8) of sample absorbance at 260/280 was used to determine the purity 
of samples. All samples extracted in this study were achieved in high yield and purity. The 
55 
 
isolated RNA samples were then treated was DNAse-1 (Invitrogen, Carlsbad, CA) according 
to the manufacturer’s instructions to remove any residual gDNA.   
2.2.8.3 Confirmation of RNA quality 
 
To confirm the RNA quality, 5 µL RNA of each sample with 3 µL RNA loading dye (6X) was 
run on a 1% agarose gel in 0.5% Tris Borate EDTA (TBE) buffer at 70 volts for 1.5 h. Gels 
were then stained with ethidium bromide (0.5µg/mL) for 5 minutes and de-stained with dH2O 
for further 5 minutes prior to visualization under ultraviolet light using a gel documentation 
system (InGenius LHR, Syngene). The gel image was used to check for signs for RNA 
degradation, with high quality samples represented by the presence of two distinct bands for 
18S and 28S rRNA (Image not shown). 
2.2.8.4 Synthesis of cDNA from RNA 
 
Tetro cDNA synthesis kit (Bioline) was used to synthesis cDNA from isolated RNA. Briefly, 
1 µg RNA was mixed with 1µL random hexamer, 1µL 10mM dNTP mix (final concentration 
0.5mM), 1µL ribosafe RNase inhibitor (final concentration 0.5u/µL), 4µL 5×RT buffer, 1µL 
tetro reverse transcriptase (final concentration 10u/µL),  and DEPC-treated water up to total 
20µL. Then the mix was incubated in the PCR machine according to the following order: initial 
incubation 25°C for 10 minutes followed by 45°C for 30 minutes and terminates the reaction 
by 85°C for 5 minutes. 
2.2.8.5 Semi-quantitative RT-PCR analysis  
 
Semi-quantitative RT-PCR was conducted to analyse the expression of An2, Tps11, LOX1, 
NAC41 (NAC transcription factor 41) and NAC100 (NAC transcription factor 100). Gapc2 
(Glyceraldehyde-3-phosphate dehydrogenase 2, cytosolic) was used as an internal control. The 
sequence of each gene was obtained from NCBI and primers were designed using primer3plus 
(www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) (Table 2-1). PCR reactions 
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were performed with Go Taq green master mix (Promega) and each reaction contained of 100 
ng of cDNA and 0.5 µM of the respective primers (Table 2-1). PCR cycles consisted of an 
initial denaturation step of 3 minutes at 94°C, followed by repetitions (28-36 cycles, depending 
on the primer set) of the following three steps: a 30 seconds denaturation step at 94°C, 30 
seconds annealing step ranging between 50°C and 52°C, 1 minute elongation step at 72°C and 
a final extension step at 72° for 7 minutes. Initial reactions were performed to determine the 
annealing temperature of each primer set and the appropriate cycle number of the PCR reaction. 
PCR products were analyzed on 1% agarose gel with 0.5×TBE buffer and visualized using 
ethidium bromide staining with gel doc system. Digital analysis (Image J) was used for gel 
images to calculate fold changes. 
2.2.8.6 Quantitative RT-PCR analysis 
 
Quantitative real time PCR (RT-qPCR) was performed to further confirm the results from semi-
quantitative RT-PCR. Primers were designed based on individual gene sequence as described 
in 2.2.8.5 (Table 2-1). Primer specificity and melting temperature was checked first by 
performing a conventional PCR and the PCR products were run on a 1% agarose gel in 0.5X 
TBE (Data not shown). Then, the qPCR was implemented using Rotor-Gene Syber Green PCR 
Master Mix (Qiagen) on a Rotor-Gene 3000 (Qiagen). The following thermal cycles were 
followed for each gene: denaturation step at 95°C for 15 minutes followed by 40 cycles of 
denaturation at 95°C for 40 seconds, selected annealing temperature for 30 seconds and 72°C 
for 30 seconds, a melt (60-92°C) cycle was also performed with each unit of temperature held 
for 30 seconds (Lovelock et al. 2013). Two biological replicates were used for each time point 
and each reaction was run in triplicate for each target and reference gene. All samples were run 
in parallel with the reference gene to normalize cDNA loading. The primers were verified for 
amplification efficiency which was close to 100% and the relative expression values for each 
57 
 
target gene were calculated against a reference gene (Gapc2) using the following equation 
according to Livak and Schmittgen (2001):  ΔΔCT = (CT, Target – CT, Gapc2) Time X- (CT, 
Target – CT, Gapc2) Time 0.  
Table 2-1: Primers used in this study 
Name  Oligonucletide sequence (5' to 3') Purpose of use 
An2_F TCTCCCGCTACTTCC Semi-quantitative RT-PCR 
An2_R AGTCCATCCTAGCCA 
Lox1_F AGGAGTTTGGACGGGAGATT 
Lox1_R AGGTACTCCGTCACCCACTG 
Tps11_F GAAATGCGACAAAGG 
Tps11_R TCTTGAAGGCATCTC 
NAC41_F TCTAACCAGGCGCTGAGAAT 
NAC41_R GGTGAACCAGTCGTTGTCCT 
NAC100_F CGGACAACGCGATTCTATTT 
NAC100_R AGCCTTCACCTTCTCCCAAT 
Gapc2_F CGGTAAGGTTCTTCC 
Gapc2_R AGACACCGTGTCCA 
QAn2_F CGTCTTCTCTCGCCG Quantitative RT-PCR 
QAn2_R GTGCCTGTTCACGTA 
QLox1_F ATCGTCAAGAACAAC 
QLox1_R GTCGTTGGAGAAGAA 
QTps11_F ACTACAGATGGTCCT 
QTps11_R GCATTTCAGCTTCCT 
QNAC41_F GATGAAGATGAGTGT 
QNAC41_R CCAACCACATACGTA 
QNAC100_F TCTGAGAGTTGCTGT 
QNAC100_R TAACCCTTACAAGAC 
QGapc2_F CTGCACATCTGAAGG 
QGapc2_R GAGCAAGGCAGTTTG 
 
 
2.2.9 Preparation of root extracts to examine their effect on P. cinnamomi cyst 
germination and germ tube growth 
To prepare root extracts, the Z. mays plants were inoculated as described in section 2.2.5 and 
the roots were harvested at 24 hpi. Mock inoculated roots were used as a control. At least 26 
roots were used per treatment per replicate and the harvested roots were immediately frozen in 
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liquid nitrogen. The frozen roots were ground into a powder with a pestle and mortar and all 
induced metabolites extracted using 500 µL methanol. The extract liquid was then centrifuged 
at 12000×g for 5 min and the liquid was removed under nitrogen.  Finally, the extract was 
dissolved in 10 µL of distilled water and the concentrated extracts diluted 10×, 20× and 50× to 
test their effect on P. cinnamomi cyst germination (percentage germination compared with a 
water control) and growth of the germ tube (μm in 4 h). The experiment was repeated three 
times and the results are presented as the mean ± standard error.   
2.2.9.1 Cyst germination in the presence of root extracts  
 
To check the effect of root extracts on cyst germination, the zoospores were produced as 
described in section 2.2.3. The 10 µL zoospores from 105/mL solution were placed on a slide 
and 1 µL extract from each dilution (Concentrated, 10×, 20× and 50× dilution) of control and 
inoculated root extracts were applied on cyst. Then the solution was covered by a coverslip 
maintaining a gap between coverslip and liquid by sticking two pieces of pipette tips on two 
sides of slide. The slides were kept for 3 h on a wet filter paper in a square plastic Petri dish to 
maintain humidity and checked under bright field microscope (Axioskop 2 mot plus 
microscope, Zeiss). Germination of zoospores were counted from microscope images and 
germination percentage were calculated. Three replicates were maintained for each dilution 
and the experiments were repeated twice.   
2.2.9.2 Measurement of zoospores germ tube growth rate  
 
To check the effect of root extracts on germ tube growth, the zoospores were produced as 
described in section 2.2.3. Then the 10 µL zoospores from 105/mL solution were placed on a 
slide and 1 µL from 50× dilution of control root extract (termed as a germination inducing root 
extracts) was applied to induce germination. After that, the picture was taken with a bright field 
microscope after 1 hr of applying the root extract. Then, another 1 µL solution from each 
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dilution (Concentrated, 10×, 20× and 50×) of control and inoculated root extracts were applied 
on germinated zoospores and the image was taken with bright field microscope after 2 h of 
applying the root extract. The germ tube growth rate was calculated by measuring growth rate 
from microscope images with Image J using the following formula: (germ tube growth after 
applying root extracts) – (germ tube growth before applying extracts).  Three replicates were 
maintained for each dilution and the experiments were repeated twice.   
2.2.10 Phytohormone quantification  
2.2.10.1 Sample extraction 
Z. mays plants were grown according to methods described in section 2.2.1 and plants were 
inoculated according to section 2.2.5. Ten plants per time point (control or inoculated) were 
used for phytohormone quantification. The extraction protocol was modified from Pan et al. 
(2010). The inoculated plants were harvested at 12, 24, 48 and 72 hpi and, immediately transfer 
in liquid nitrogen before storing them in -80°C until extraction. The frozen plant tissue was 
ground into powder under liquid nitrogen with mortar and pestle, weighed and 80 mg 
transferred to a 2 mL tube. An internal standard solution comprising salicylic-d6 acid (d6-SA), 
dihydrojasmonic acid (H2JA), abscisic-d6 acid (d6-ABA) and indole-3-acetic-2, 2-d2 acid (d2-
IAA) (0.5 mg/mL) was prepared. A 10 µL aliquot (5µg) of the internal standard solution was 
added to the each frozen sample. After that 750 µL extraction solvent, 2-propanol/H2O/ 
concentrated HCl (2:1:0.002, vol/vol/vol) was added to each tube and the sample was 
homogenized with a homogenizer. The tubes were then placed on a shaker (Eppendorf 
Thermomix) at a speed of 2000 rpm for 30 minutes at 4°C. Dichloromethane (1 mL) was then 
added to each sample to the sample. The tubes were then shaken for an additional 30 minutes 
as above. The samples were then centrifuged at 13000 rpm for 5 minutes at 4°C and 900 µL 
solvent from the lower aqueous phase was transferred in a new 1.5 mL tube. The solvent 
mixture was evaporated using a SpeedVac dryer (Martin Christ) and the samples were re-
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dissolved in 0.1 mL 20% methanol. Finally, the extract was centrifuged at 13000g at 4°C for 
10 min prior to transfer to an amber vial with glass insert. Samples were stored at -80°C until 
liquid chromatography-mass spectrometry (LC-MS) analysis.            
 
The second extraction method was modified from Cao et al. (2017). Briefly, the root samples 
were harvested and homogenized as described above. Then the homogenized sample was 
dissolved in 750 µL of mobile phase (0.1% acetonitrile) and subsequently incubated on a shaker 
at a speed of 200 rpm for 30 min at 4°C. After that, the extract was centrifuged and transfer in 
amber vial as described above. The first method was produced consistent data for all tested 
replicates (data not shown) and selected for final analysis.   
Four phytohormones and their internal standards were used for calibration (Table 2-2). 
Calibration standards with the following concentrations were prepared by serial dilution with 
20% methanol: 10 µM, 1 µM, 0.1 µM, 0.01 µM and 0.001 µM.  Standards and samples 
contained the same internal standard concentration (5 µg). 
2.2.10.2 Liquid chromatography-mass spectrometry (LC-MS)  
Samples were analyzed using a liquid chromatography triple quadrupole mass spectrometer 
(LC-QQQ-MS, Shimadzu-8040).  Phytohormones were fractionated using an Agilent Zorbax 
Eclipse plus C18 reverse-phase column (2.1 mm×100 mm, 1.8 µm) and 10 µL of each sample 
was injected to the column. The mobile phases and gradient were as follows: A. 0.1% acetic 
acid in water B. 0.1% acetonitrile with a flow rate of 0.3 mL/minute. The gradient was: 100% 
B over 10 minutes, 100% B over 15 minutes, decreased concentration 10% over 15.10 minutes 
and then stop at 19 minutes. MS parameters: interface temperature: 350°C; DL temperature: 
250°C; gas flow: 15 L/minute; nebulizing gas flow: 3 L/minute; heater block: 400°C; drying 
gas flow: 15 L/minute. The selected reaction monitoring conditions for phytohormones are 
listed in Table 2-2.  
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Table 2-2: Selected reaction monitoring conditions for phytohormones 
Phytohormones Q1 Q2 Energy 
polarity 
Retention 
time (m) 
Target 
collision  
Salicylic acid 137 93 - 3.90 19 
Indole-3-acetic acid 174.1 130.1 - 4.04 12 
Abscisic acid   263 153.05 - 4.35 11 
Jasmonic acid 209 59.05 - 5.09 13 
Salicylic-d6 acid 141.1 97 - 4.19 19 
indole-3-acetic 2,2-d2 acid 178.1 132 - 4.45 12 
d6-2-cis-4-trans-ABA  269.2 159.1 - 4.33 11 
Dihydrojasmonic acid 211.1 59 - 5.09 10 
Q1= Precursor ion selected in Q1; Q2= Product ion selected in Q2; Target collision represent 
optimum collision energy to get maximum fragment ion intensity. Internal standards are 
deuterium labelled  
 
2.2.10.3 Data processing 
 
Peak areas were determined using Lab Solutions (Shimadzu). The concentration of each 
phytohormone was then calculated using either a calibration standard curve or authentic 
phytohormone standard curve.   
2.2.11 Statistical analysis 
 
International Business Machines Statistical Package for the social sciences (IBM SPSS) 
statistics was used for data analysis and the significance of differences between or among 
means were obtained using Duncan’s multiple range test (DMRT) at the 0.05 level of 
significance.  
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2.3 Results  
2.3.1 Morphological identification of P. cinnamomi isolate DU067 
The P. cinnamomi isolate (DU067) used in the experiment was first identified by studying the 
morphology of mycelium grown on CV8 medium plates under a light microscope (Figure 2-
3). The macroscopic appearance was medium dense, woolly, uniform and filling the space 
between lid and agar surface (Figure 2-3A). The characteristic of P. cinnamomi such as 
coralloid mycelium with hyphal swellings (Figure 2-3B), ovoid non-papillate sporangia 
(Figure 2-3C) and kidney-shaped zoospores (Figure 2-3D) were identified by microscopic 
analysis.   
 
Figure 2-3: Morphology of P. cinnamomi isolate DU067  (A) P. cinnamomi colony grown on 
CV8 agar plates after 3 days on the medium. Scale bar 1.0 cm. (B) The mycelium shows distinct 
hyphal swellings (black arrow). Scale bar 50 µm. (C) Ovoid shaped sporangia (purple arrow) 
produced by P. cinnamomi. Scale bar 50 µm. (D) Mature sporangium release zoospores (red 
arrow). Zoospores (black arrow) of P. cinnamomi. Scale bar 50 µm. 
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2.3.2 Response of Zea mays to inoculation with P. cinnamomi  
 
Lesion development and root changes were recorded over time. The inoculated roots of Z. mays 
generated light brown lesions which were restricted to limited areas of the epidermis directly 
beneath the inoculation point (Figure 2-4A). In contrast, for inoculated roots of the susceptible 
species L. angustifolius inoculationresulted in lesions, which were dark brown and water 
soaked and the lesions extended from the point of inoculation (Figure 2-4B).  Roots of 
inoculated Z. mays species produced multiple lateral roots above the lesion as well as the site 
of inoculation, while L. angustifolius displayed whole root browning and tissue collapse with 
no proceeding lateral root formation from the inoculated roots (data not shown). The lesion 
length caused by P. cinnamomi infection was measured in both species up until 168 hpi and it 
was found that the mean lesion length of Z. mays was significantly less than that of L. 
angustifolius at all recorded time points (Figure 2-4C).  
 
 
 
 
 
  
Figure 2-4: Inoculation of Z. mays and L. angustifolius roots with P. cinnamomi.  (A) Restricted 
lesion on resistant Z. mays roots. (B) Spreading lesion on susceptible L. angustifolius roots. (C) 
Mean lesion lengths of both plant species. Plants were inoculated with zoospores of P. 
cinnamomi or water and photographs were taken at 120 hpi. Photographs are representative of 
2 independent experiments, n= 20 plants per species. Scale bar 0.5 cm. Lesions are highlighted 
by black brackets. * , significant difference between lesion lengths of the two species at the 
specified time after inoculation at P-0.05 according to Duncan’s multiple range test. Data 
shown are the mean of three independent experiments and bars represent one standard error of 
mean (s.e.m).  
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2.3.3 Monitoring root adhesion by zoospores and penetration of P. cinnamomi in Z. mays 
 
To determine the timing of zoospore attachment and penetration by P. cinnamomi, the 
inoculated Z. mays roots were monitored for 3 h under a light microscope. It was found that 
zoospores were chemotactically attracted to the roots of Z. mays and that they aggregated at 
the zone of elongation within 1 h of inoculation (Figure 2-5A). By 2 h, zoospores become 
encysted at the root surface and the cysts produced germ tubes to facilitate the penetration of 
the epidermal surface of the root tissue (Figure 2-5B). At 3 h of post-inoculation, the germ 
tubes had started to penetrate the root epidermis and finally enter into the root (Figure 2-5C).  
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Figure 2-5: Time course of Z. mays root tissue inoculated with P. cinnamomi zoospores.  (A) 
At 1.0 to 1.5 hpi, zoospores formed wall cysts to adhere to the root tissue or root hair (arrow) 
of Z. mays. (B) Zoospores produce germ tube to penetrate root epidermis by 2 hpi (arrow). (C) 
Zoospores within the cell to further colonize at 3 hpi (arrow and expanded insert at left corner). 
Scale bar 50 µm. 
 
a 
b 
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2.3.4 Resistance-related gene expression analysis in Z. mays roots inoculated with P. 
cinnamomi 
2.3.4.1 Confirmation of pathogen  
 
The inoculation was confirmed by placing the inoculated root segments on PARPH selective 
medium (Figure 2-6). The inoculated Z. mays root segments harvested at 24 hpi produced 
hyphal growth on the medium (Figure 2-6B). The water inoculated control did not produce any 
hyphal growth (Figure 2-6A) whereas the zoospore inoculated susceptible control L. 
angustifolius roots generated hyphal growth on medium (Figure 2-6C). These results indicate 
that the inoculation was successful and the germ tubes actively penetrated and entered inside 
the root tissue. 
 
Figure 2-6: Confirmation of P. cinnamomi inoculation on Z. mays roots. Inoculated roots were 
harvested at 24 hpi and placed in PARPH medium. (A) No P. cinnamomi growth was observed 
in control water inoculated roots. (B) P. cinnamomi growth was observed from inoculated Z. 
mays root sections (arrow). (C)  P. cinnamomi growth was observed from inoculated L. 
angustifolius root sections (arrow). Scale 0.5 cm  
2.3.4.2 Semi-quantitative and quantitative RT-PCR  
 
To identify the resistance related-genes in Z. mays roots that were up regulated following 
infection by P. cinnamomi, a microarray was previously performed (Allardyce et al. 2013). A 
range of genes were found to be differentially regulated at 6 hpi and 24 hpi. Among these, 
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Tps11 (Terpene synthase 11) and An2 (Kaurene synthase 2) were highly up-regulated (18.1 
and 10.0 folds, respectively) at 6 hpi. Moreover, LOX1 was also up-regulated 1.5-fold 
(Allardyce et al. 2013). A more recent study identified two NAC genes to be up-regulated in Z. 
mays following inoculation with Colletotrichum graminicola (Voitsik et al. 2013).  However, 
the expression of An2, Tps11 and LOX1 (Lipoxygenase1) were not examined at early or late 
time point in Allardyce et al. (2013) and the expression of NAC genes in response to P. 
cinnamomi is totally unknown. Therefore, to analyse the expression of these resistance-related 
genes at a range of time points after P. cinnamomi inoculation of Z. mays roots, semi-
quantitative and quantitative RT-PCR were performed using the respective primers of each 
gene.  
The expression of An2, Tps11, LOX1, NAC41 and NAC100 was analysed using both semi-
quantitative and quantitative RT-PCR. In semi-quantitative PCR, the Gapc2 gene was used as 
an internal control. A different expression pattern was found for each resistance-related gene. 
Average fold change differences in expression of the five genes were calculated through image 
analysis. A higher expression of An2 was found (4-fold) at 3 hpi (Appendix 1-1A and 2-1B) 
and the expression gradually increased (9-fold) up to 12 hpi but at 24 hpi, the expression 
decreased to less than control levels. A similar expression pattern was recorded for Tps11 
where the highest fold change (4-fold) was also recorded at 12 hpi compared to control 
(Appendix 1-1B). Whereas, LOX1 and NAC100 did not show any difference in inoculated and 
control samples at the indicated time points (Appendix 2-1A and 2-1B). NAC41 was, however, 
highly expressed at 6 hpi (4.5 fold higher than control) and the expression was decreased at 12 
hpi compared to the respective control (Appendix 1-1B).  
To further confirm the semi-quantitative RT-PCR results, RT-qPCR was performed for 
selected resistance-related genes (Figure 2-7). The expression level of An2 was significantly 
increased from 3 hpi and gradually increased until 12 hpi, however, the expression was reduced 
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at 24 hpi compare to control. The expression level for Tps11 was significantly induced at 3 hpi 
compared to respective control and reached highest level at 6 hpi and, then decreased at 12 hpi 
but still displayed significantly higher expression compared to control. Moreover, LOX1 also 
showed a significantly higher expression similar to Tps11. In the case of NAC41, the expression 
remained significantly high at 3, 6, 12 hpi and then the expression reduced at 24 hpi.  NAC100 
was equally expressed at all the tested time points (Figure 2-7).  
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Figure 2-7: Relative expression level of An2, Tps11, LOX1, NAC41 and NAC100 at 0, 3, 6, 12 
and 24 hours post inoculation (hpi).  Data shown are the mean of two independent experiments 
and bars represent one s.e.m. * , significant difference between control and inoculated samples 
at P-0.05 according to Duncan’s multiple range test.  
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2.3.5 Effect of root extracts derived from inoculated Z. mays roots on P. cinnamomi cyst 
germination and germ tube growth  
2.3.5.1 Effect on cyst germination 
The previous section demonstrated the induction of An2 and Tps11 genes that are clearly 
resistance-related genes and whose products are involved in the synthesis of the kauralexin and 
zealexins terpenoid phytoalexins (Huffaker et al. 2011). I hypothesised that if these 
phytoalexins are induced in P. cinnamomi inoculated roots then they may be active components 
of root extracts that have an inhibitory effect on cyst germination and germ tube growth. To 
test this hypothesis, I evaluated P. cinnamomi inoculated Z. mays root extracts on cyst 
germination and germ tube growth. An undiluted extract from control (uninoculated) and 
inoculated roots completely inhbited cyst germination (Figure 2-8A and 2-8B). However,  a 
ten-fold dilution of the concentrated extracts from inoculated roots inhibited cyst germination 
to a significantly greater level compared with a similarly diluted control root extract (Figure 2-
8C, 2-8D and 2-8G).   The other two tested dilutions (20× and 50×) of inoculated root extracts 
had a reduced inhibitory effect compared to the 10× dilution but,  the germination percentage 
under these diluted extracts was still significantly greater compared to the control root extracts 
(Figure 2-8E, 2-8F and 2-8G). These results indicate that there are substances in the root 
extracts of inoculated roots that are induced and active against P. cinnamomi.   
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Figure 2-8: Effect of Z. mays root extracts on P. cinnamomi cyst germination. Cyst germination 
under (A) concentrated control root extracts, (B) concentrated inoculated root extracts, (C) 10× 
diluted control root extracts (D) 10× diluted inoculated root extracts, (E) 20× diluted control 
root extracts and (F) 20× diluted inoculated root extracts. Scale 100 µm. Image background 
was adjusted to black and white to enable differentiation of cysts and germ tube (G) Mean 
germination percentage under water and different dilution of control and inoculated root 
extracts. Data are the mean of three independent experiments and bars represent one s.e.m. *, 
denotes significant difference between control and inoculated samples at P-0.05 according to 
Duncan’s multiple range test.  
2.3.5.2 Effect on germ tube growth 
 
To examine the effect of root extracts on germ tube growth, P. cinnamomi zoospores were 
treated first with 50× diluted control root extracts to induce the germination and the different 
diluted root extracts were applied to the germinated cyst. The concentrated root extracts of both 
control and inoculated roots was resulted similar effect on germ tube growth (Figure 2-9A and 
2-9B). Germ tube growth in the presence of 10× diluted inoculated root extracts was 
significantly less compared to 10× diluted control (Figure 2-9C, 2-9D and 2-9G). The similar 
result was also recorded for 20× diluted and 50× diluted inoculated root extracts (Figure 2-9E, 
2-9F and 2-9G). These results suggest that inhibitory compounds are induced in inoculated 
roots and active against P. cinnamomi germ tube growth.  
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Figure 2-3: Effect of control and inoculated root extracts on P. cinnamomi germ tube growth. 
Germ tube growth under (A) concentrated control root extracts, (B) concentrated inoculated 
root extracts, (C) 10× diluted control root extracts, (D) 10× diluted inoculated root extracts, (E) 
20× diluted control root extracts and (F) 20× diluted inoculated root extracts. Scale 100 µm. 
Image background was adjusted to black and white to enable differentiation of cysts and germ 
tube (G) Mean germ tube growth under water and different dilution of control and inoculated 
root extracts Data are the mean of three independent experiments and bars represent one s.e.m.  
*, denotes significant difference between control and inoculated samples at P-0.05 according 
to Duncan’s multiple range test.   
 
2.3.6 Phytohormone quantification from Z. mays roots infected with P. cinnamomi 
2.3.6.1 Method validation and generation of calibration curve for phytohormone  
SA, IAA, ABA and JA phytohormones from Z. mays roots inoculated with P. cinnamomi were 
quantified using LC-MS analysis. The collision energies for the most abundant product ion for 
each phytohormone were optimised first. The retention times for SA, IAA, ABA and JA were 
3.87, 4.05, 4.35 and 5.08, respectively (Figure 2-10A-D).  To validate the LC-MS 
methodology, phytohormone mixtures (10 µM) were prepared in 20% methanol and the 
calibration curves for each phytohormone were calculated from the peak areas of the serially 
diluted phytohormone mixture (10, 1, 0.1, 0.01 and 0.001 µM). In addition, a 5 µg stable 
isotope labelled internal standard mixture containing each phytohormones was added to each 
diluted authentic phytohormone mixtures to enable a correction to be made to the authentic 
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calibration curve. However, the signals for dihydrojasmonic acid and indole-3-acetic 2,2-d2 
acid were not apparent on the chromatogram. So, the linearity of the calibration curve for JA 
and IAA were determined using peak area of an authentic standard (Appendix 2-1). Moreover, 
the linearity of calibration curve for SA and ABA were determined by the ratio of peak area 
calculated using peak area from their internal standard (Salicylic-d6 acid and d6-2-cis-4-trans-
ABA). All the phytohormone calibration curves showed a linear response for the concentration 
range selected (Appendix 2-1A-D).   
In addition, to determine the % recovery values of each phytohormone, phytohormone mixtures 
were added to the Z. mays root extract samples and analysed by LC-MS and also to detect any 
retention time shift for individual phytohormones. However, the retention time was found to 
be closely similar to the retention times of the phytohormone authentic standard (Figure 2-
11A). The Z. mays root sample was mixed with SA, IAA, ABA and JA standards (spiked 
samples) and the resulting peak area of spiked samples for each standard increased in 
proportion to the amount of phytohormone added. (Figure 2-11B). 
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Figure 2-40: A representative LC-MS chromatogram separation for SA, IAA, ABA and JA. 
(A) SA chromatogram at retention time 3.87 min. (B) IAA chromatogram at retention time 
4.05 min. (C) ABA chromatogram at retention time 4.35 min. (D) JA chromatogram at 
retention time 5.08 min and chromatograph for all phytohormones together from mixtures of 
SA, IAA, ABA and JA (1µM). 
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Figure 2-51: Phytohormones extraction method validation using spiked sample.  
Phytohormones mixtures were added to the sample and analysis with LC-MS. (A) LC-MS 
chromatograph from only sample extracted from Z. mays roots. (B) LC-MS chromatograph 
from spiked sample.   
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2.3.6.2 Induction of SA and IAA in Z. mays infected with P. cinnamomi 
 
The amount of SA and IAA in root tissue of Z. mays was expressed as ng/g fresh weight (Figure 
2-13) and both phytohormones were quantified at 12, 24, 48 and 72 hpi either inoculated with 
P. cinnamomi or water as the control. The amount of SA in Z. mays root inoculated with 
pathogen was not statistically different compared to respective control (Figure 2-12A-B). This 
result suggested that SA was not induced in Z. mays root in response to P. cinnamomi infection.  
In addition, the amount of IAA in inoculated Z. mays root was statistically similar with control 
at 12 hpi and 24 hpi (Figure 2-12D). However, the amount of IAA in inoculated roots was 
increased at 48 hpi and at 72 hpi and the increase was statistically different from the control 
(Figure 2-12C, Figure 2-12D). These results suggested that the synthesis or mobilisation of 
IAA is induced from 48 hpi onwards in response to pathogen attack.  
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Figure 2-62: Salicylic acid (SA) and indole-3-acetic acid (IAA) accumulation in Z. mays roots 
inoculated with P. cinnamomi.  (A) Representative LC-MS chromatograph for SA detected 
from control and inoculated root harvested at 24 hpi. (B) SA accumulation after inoculation 
(C) Representative LC-MS chromatograph for IAA detected from control and inoculated root 
harvested at 48 hpi. (D) IAA accumulation after inoculation. Data presented are the means of 
thee independent experiments and bars represent one s.e.m. *, means the amount of IAA that 
were statistically different from their respective control at P-0.05 according to Duncan’s 
multiple range test.  
2.3.6.3 Induction of ABA and JA in Z. mays infected with P. cinnamomi 
 
The ABA level in Z. mays roots inoculated with P. cinnamomi were not statistically different 
from the control (Figure 2-13A-B). However, the concentration of JA increased around 3-fold 
in pathogen inoculated Z. mays roots compared to the controls at 24 hpi (Figure 2-13C). 
Moreover, the JA amount was reduced at following time point (at 48 hpi) but still significantly 
higher in concentration than in the respective control. No significant difference in JA 
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concentrations between pathogen inoculated root and control were detected at 12 hpi and 72 
hpi.  (Figure 2-13D).   
 
Figure 2-7: Abscisic acid (ABA) and jasmonic acid (JA) accumulation in Z. mays roots 
inoculated with P. cinnamomi.  (A) Representative LC-MS chromatograph for ABA detected 
from control and inoculated root harvested at 24 hpi. (B) ABA accumulation after inoculation 
(C) Representative LC-MS chromatograph for JA detected from control and inoculated root 
harvested at 24 hpi. (D) JA accumulation after inoculation. Data presented are the means of 
thee independent experiments and bars represent one s.e.m. *, means the amount of JA that 
were statistically different from their respective control at P-0.05 according to Duncan’s 
multiple range test.  
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2.4 Discussion 
 
An understanding of the molecular interactions between plants and P. cinnamomi especially 
those interactions with roots is in its infancy. Since the 1990’s, Arabidopsis thaliana has been 
the most widely used plant model species for studying plant-pathogen interactions at the 
molecular level (Pochon et al. 2012; Andargie and Li 2016). A. thaliana is a dicot model 
whereas Z. mays is a monocot model and therefore Z. mays is useful for investigation of other 
monocot host species.  With respect to P. cinnamomi, Z. mays is especially useful for 
investigation of those species categorised as field resistant.  
A major finding in the current study that JA is a major player in the resistance of Z. mays 
against P. cinnamomi.  Here, the upregulation of LOX1, that encodes the key entry point 
enzyme, lipoxygenase, in the JA biosynthesis pathway coupled with the enhanced synthesis of 
JA at complimentary and early time points following infection along with the previous 
microarray and RNA-Seq studies (Allardyce et al. 2013; Reeksting et al. 2014) now places JA 
as the key and central phytohormone that promotes resistance with this necrotrophic, generalist 
pathogen. While the current study has not compared this resistance response in the model plant 
with a susceptible response with aiming in concentration to analyse this resistant species for 
various responses that may be important in this plant-pathogen interaction. Moreover, this 
comparison has been tested for number of plant-pathogen interactions, for example Cahill et 
al. (1986); Sherif et al. (2016). In a previous microarray analysis, the LOX1 gene was up-
regulated 1.5 times compared to control (Allardyce et al. 2013). The current study which used 
RT-qPCR found higher induction of LOX1 (7-fold increase above control at 6 h) in at early 
infection stages following inoculation with P. cinnamomi. LOX is involved in the first step in 
JA biosynthesis where it functions to convert linolenic acid to 13(S)-hydroperoxy-linolenic 
acid (Schaller and Stintzi 2009; Wasternack and Hause 2013; Allardyce et al. 2013). The up-
regulation of LOX was also shown through RNA-Seq analysis in Persea americana roots 
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infected with P. cinnamomi (Reeksting et al. 2014). However, JA has not been quantified 
before from P. cinnamomi inoculated plants.  In the current study, JA concentration was 
quantified from inoculated Z. mays roots harvested at a range of time points and the highest 
amount of JA was found at 24 hpi. P. cinnamomi is mainly classified as a necrotroph (Cahill 
et al. 2008; Crone et al. 2013a), sometimes referred to as a hemibiotroph (Crone et al. 2013a; 
Backer et al. 2015) and JA/ET based defence signalling pathways are generally important in 
resistance to necrotrophs (Robert-Seilaniantz et al. 2011; Danance et al. 2013). Hence, it has 
been hypothesized that JA has important contributions in plant resistance to P. cinnamomi 
(Allardyce et al. 2013; Reeksting et al. 2014; Serrazina et al. 2015).  This study reports for the 
first time the coupling of LOX gene expression and JA induction in a monocot model resistant 
to P. cinnamomi.  
The contribution of SA in resistance is well documented in many plant-pathogen interactions 
(Bari and Jones 2009). SA is necessary for basal resistance as well as inducible systemic 
resistance or systemic acquired resistance (SAR), which provides resistance to a broad range 
of pathogens including oomycetes (Grant and Lamb 2006; Chaturvedi and Shah, 2007). For 
example, the importance of SA in resistance to P. infestans has been shown by generating 
mutant potato (Solanum tuberosum) plants (NahG, unable to accumulate salicylic acid). This 
mutant plant showed reduction of early defence gene expressions and callose formation 
compared with wild type plants suggesting the importance of SA in basal resistance of potato 
(Halim et al. 2007). The contribution of SA in resistance to P. cinnamomi has been indicated 
in only a few studies. For example, the exogenous application of SA inhibited root colonisation 
by P. cinnamomi (Garcia-pineda et al. 2010), induced an anti-pathogenic compound in P. 
americana roots (Rangel-Sanchez et al. 2014) and reduced lesion development in a susceptible 
model plant L. angustifolius (Groves et al. 2015). Moreover, a transcriptome study using P. 
americana roots infected with P. cinnamomi identified forty one transcripts related to SA 
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signalling (Reeksting et al. 2014). Although there is still a lack of evidence for the role of SA 
as an endogenous resistance signal in P. cinnamomi resistance the above mentioned studies 
suggest the likely involvement of SA. However, SA quantification in the current study did not 
find any significant difference in Z. mays inoculated with P. cinnamomi across the time points 
tested. This result shows similarity to those of Rangel-Sanchez et al. (2014) who also did not 
find endogenous SA induction in P. americana roots inoculated with P. cinnamomi. A future 
study is required to understand the SA involvement in Z. mays resistance to P. cinnamomi and 
possibly by the use of plant mutants.   
         Auxins, including the major form IAA, regulate not only various plant developmental 
processes but also pathogen resistance responses in plants (Kazan and Manners 2009; Bari and 
Jones 2009). IAA may control resistance indirectly through various structural components such 
as cell-wall architecture, root morphology and stomatal pattern (Denance et al. 2013). 
Moreover, IAA can regulate the expression of genes associated with the biosynthesis, 
catabolism and signalling pathways of other hormones and can therefore modulate defence 
(Paponov et al. 2008; Bari and Jones 2009). For example, Arabidopsis auxin signalling mutants 
exhibited increased susceptibility to necrotrophic pathogens Plectosphaerella cucumerina and 
Botrytis cinerea (Llorente et al. 2008). These results indicated the involvement of auxin in 
plant resistance to necrotrophic pathogens. The data presented here shows that IAA levels were 
significantly higher in P. cinnamomi inoculated Z. mays roots compared with the un-inoculated 
controls. To my knowledge this is the first report of IAA quantification from roots infected 
with P. cinnamomi although a previous study (Eshragi et al. 2014b) described the possible 
involvement of auxin in resistance by demonstrating that L. angustifolius roots treated with 
TIBA (a polar auxin transport inhibitor) showed greater susceptibility compared with a control, 
thus suggesting the importance of auxin in resistance to P. cinnamomi. However, the data 
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presented in the current chapter adds strength to the notion that along with JA, IAA may also 
be important for the development of resistance to P. cinnamomi.  
                ABA has been described as a complex modulator of plant resistance responses and 
it functions as a positive or negative regulator depending on the plant-pathogen interactions 
examined (Ton et al. 2009; Denance et al. 2013). For example, ABA deficient and insensitive 
mutants of A. thaliana were more susceptible to the oomycete Pythium irregulare and this 
result suggested that ABA functions as a positive regulator of resistance to some oomycete 
pathogens (Adie et al. 2007; Denance et al. 2013). On the other hand, ABA biosynthesis 
impaired mutants of tomato (sitiens) and Arabidopsis (aba1-6, aba2-12, abi1-1 and abi2-1) 
were demonstrated to overexpress defence-signalling pathway genes as well as showing 
enhanced resistance to necrotrophic and oomycete pathogens indicating that ABA was a 
negative regulator of resistance (Mohr and Cahill 2003; Sanchez-Vallet et al. 2012; Denance 
et al. 2013). However, a recent study (Eshragi et al. 2014b) showed that an ABA mutant (aba2-
4, deficient in ABA synthesis) was more susceptible to P. cinnamomi, suggesting a contribution 
of ABA in resistance of P. cinnamomi-A. thaliana interactions. In contrast, the current study 
did not find any significant difference of in the levels of ABA in Z. mays roots during the 
resistant interactions with P. cinnamomi. Hence, it is concluded that ABA is not a central 
requirement in Z. mays resistance to P. cinnamomi.   
     A previous microarray study showed that An2 and Tps11 were induced 18.1 and 10 times 
more at 6 hpi compare to their respective controls and was confirmed by semi-quantitative RT-
PCR (Allardyce et al. 2013). The current study examined extra time points within the first 24 
h following infection to determine more precisely the timing of gene induction or suppression. 
The semi-quantitative and quantitative expression values indicate that upregulation of these 
two genes was rapid and commenced by 3 hpi after which the expression remained high until 
12 hpi but then was reduced to control levels by 24 hpi. An2 was also induced in Z. mays 
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inoculated with Rhizopus microspores that caused minor ear rot and also Fusarium 
graminearum at 4 hpi and maintained high expression until 12 hpi (Harris et al. 2005; Schmelz 
et al. 2011). A relationship was found between An2 accumulation and anti-pathogenic 
kauralexins production by Schmelz et al. (2011) as the An2 level was increased 135 fold at 12 
hpi and kauralexins production was found to be highest at 20 hpi in Z. mays inoculated with R. 
microspores.  The An2 induction and kauralexins production has also been found in Z. mays 
under drought conditions and it indicates that this relationship is unique in Z. mays under biotic 
and abiotic stress conditions. In later work, an an2 mutant plant was generated and 
quantification analysis proved that roots of the mutants grown under drought conditions 
produced very low levels of kauralexins compared to the wild type plants under similar 
conditions confirming the involvement of An2 in kauralexins production (Vaughan et al. 2015). 
Kauralexins have shown an inhibitory effect on several pathogens of Z. mays (Schmelz et al. 
2011; Schmelz et al. 2014), therefore it is likely that the induction of An2 in the present study 
is involved in the synthesis of kauralexins and these compounds contributed to the inhibition 
of growth of P. cinnamomi in Z. mays roots.  
Similar to An2, Tps11 was also found to be highly upregulated following infection of Z. mays 
roots indicating a potential role for zealexins in this interaction. The induction of the closely 
homologous genes Tps6 and Tps11 at 12 hpi was also found in Z. mays leaves during resistance 
against F. graminearum or Aspergillus flavus (Huffaker et al. 2011). Following induction of 
these two genes, zealexins production was quantified at 24 hpi and a positive relationship was 
established between Tps gene induction and zealexins accumulation in Z. mays plants. This 
relationship provided strong indirect evidence for Tps6/11 involvement in zealexins synthesis 
(Huffaker et al. 2011; Schmelz et al. 2014), though, a direct relationship has not been 
confirmed yet. Other studies have also shown a strong induction of Tps6/11 in Z. mays leaves 
following inoculation with the smut fungus Ustilago maydis (Basse 2005; Koellner et al. 2008; 
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Schmelz et al. 2014), and Tps6/11 silenced mutants of Z. mays showed more susceptibility to 
U. maydis which indicated their intrinsic role in plant defence to a pathogen (van der Linde et 
al. 2011). The induction of Tps11 in Z. mays roots in the present study indicates the possible 
involvement in resistance against P. cinnamomi of zealexins although whether zealexins are 
actually produced in roots requires further investigation.  I suggest also that zealexins and 
kauralexins may be a potential route to the production of plant synthesised chemical control 
agents that are active against P. cinnamomi.  
       To further investigate the relationship between An2 and Tps11 induction with phytoalexins 
accumulation, the effect of inoculated root extracts was examined on P. cinnamomi cyst 
germination and germ tube growth. An inhibitory effect was found for P. cinnamomi inoculated 
root extracts compared with un-inoculated control extracts further indicating a possible 
relationship between defence gene induction and phytoalexins accumulation.  The inhibitory 
effects found are supported by a previous study where extracts form SA treated roots were 
found to inhibit radial mycelial growth of P. cinnamomi grown on solid medium (Rangel-
Sanchez et al. 2014). In the same study, it was shown that SA treated roots induced production 
of the secondary metabolites phenol-2,4-bis (1,1-dimethylethyl) and the purified compound 
was found to be inhibitory to growth of P. cinnamomi. However, quantification of kauralexins 
and zealexins from Z. mays infected with P. cinnamomi is required to establish their role in 
resistance and of the role of An2 and Tps11 in phytoalexins production needs examination.  
                 One of the interesting findings of the current work is that there was induction of a 
NAC transcription family member, this has not previously been reported for interactions of 
plants with P. cinnamomi. The importance of NAC transcription factors has been examined in 
many plant-pathogen interactions and they have been found to be closely associated with plant 
resistance (Nuruzzaman et al. 2013; Liu et al. 2014). In terms of Z. mays-pathogen interactions, 
two NAC genes (NAC41 and NAC100) were induced in response to the hemi-biotrophic 
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pathogen Colletotrichum graminicola. Both genes were induced in the biotrophic phase (at 36 
hpi) and subsequent necrotrophic phase (at 96 hpi). Moreover, these genes were induced also 
with JA treatment, suggesting a role downstream in JA signalling pathways. In addition, 
binding motifs of defence-associated transcription factors were found in promotor elements of 
these two transcription factor genes (Voitsik et al. 2013).  However, expression analysis in the 
current study showed that NAC41 is expressed earlier compared to previous studies in other 
systems but NAC100 is not induced across the tested time points in response to P. cinnamomi. 
The results are further supported by Reeksting et al. (2014) and Serrazina el al. (2015) who 
showed the induction of a NAC domain containing protein and a NAC transcription factor-like 
protein through RNA-Seq analysis of roots infected with P. cinnamomi. However, the 
involvement of NAC transcription factors in resistance to P. cinnamomi is yet to be determined.  
 
         This chapter has shown that resistance to P. cinnamomi in a monocot species can be 
characterised through a number of specific factors that are induced during infection.  However, 
use of a model does not necessarily inform about the consequences of infection of other non-
model species especially those that are Australian native species which survive in nature 
following infestation of vegetation by the pathogen. However, model system provide insights 
and directions or signposts into areas from the subcellular level right through to the whole plant 
which may be investigated in those non-model species. The potential therefore is to use model 
systems to first track mechanisms in non-model species that may be important in resistance. 
The next chapter investigates the native plant species Lomandra longifolia and its interactions 
with P. cinnamomi. The L. longifolia has been shown in field and laboratory studies to limit 
the infection by P. cinnamomi as therefore, classified as field resistant species to this pathogen 
(O’Gara et al. 2005). However, its actual resistant responses has not been tested under 
laboratory conditions. Therefore, the aim of the next chapter was to firstly demonstrate that 
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this native species is resistant using standardized protocol (Allardyce et al. 2012) followed by 
investigation in more detail of cellular resistant responses. 
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 Active defence by an Australian native host, Lomandra 
longifolia, provides resistance against Phytophthora cinnamomi  
This chapter was written based on the publication: Md Tohidul Islam, James E. Rookes and 
David M. Cahill (2017).  Active defence by an Australian native host, Lomandra longifolia, 
provides resistance against Phytophthora cinnamomi. Functional Plant Biology: 44, 386-399.  
Md Tohidul Islam designed and carried out all the experiments, analysed the results, prepared 
all the figures and tables, drafted and submitted the manuscript. David M. Cahill, James E. 
Rookes conceived the project and comments on the drafts of the manuscript. 
3.1 Introduction 
 
Phytophthora cinnamomi is a soil borne root pathogen that has a global distribution and a very 
large host range. The number of known susceptible species to P. cinnamomi has constantly 
increased over time since its first identification. The pathogen causes die-back or root rot 
disease in agricultural crops such as avocado, chestnut, peach, pineapple and in important 
forestry trees including various Eucalyptus and Quercus species. Disease caused by P. 
cinnamomi in the natural ecosystems of Australia has resulted in a severe loss of biodiversity 
(Cahill et al. 2008).  To eradicate the pathogen at the landscape level some progress has been 
made in control of small infestations (Dustan et al. 2010), although the complete eradication 
of the pathogen has not been possible to date.  Thus, disease management needs to be focused 
on suppressive chemicals and development of resistant populations. In this regard, phosphite 
is considered to be an effective agent for the controlling disease in agriculture and native forest 
systems (Scott et al. 2015). However, the capability of phosphite to reduce the effect of P. 
cinnamomi varies considerably between species, season of application and geographical 
location. In addition, phytotoxicity has been recorded for some plant species following 
application of phosphite (Pilbeam et al. 2000; Scott et al. 2016). Thus, phosphite application 
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may be quite impractical and can only be used within a fairly narrow range of application 
parameters. 
Therefore, a more realistic and long term approach towards the development of effective 
methods to control P. cinnamomi and reduce disease impacts is through an improved 
understanding of both the pathogen and its interaction with its hosts, especially interactions 
with those hosts that have the capacity to restrict pathogen colonisation.  This knowledge will 
not only increase our basic understanding of plant-pathogen interactions but will provide 
information that could also be applied to susceptible species. For example, the identification of 
resistance-related genes, pathways and the key molecules which provide resistance to the 
pathogen could enable them to be used to protect susceptible species. While approaches that 
use genetic modification are not practical for species in natural systems, they may be effectively 
used in agriculture and horticulture.  
Resistance to P. cinnamomi is rare, however, in Australia several species from a variety of 
plant families have been reported as resistant in the field and laboratory.  Resistant species such 
as Lomandra filiformis, L. longifolia (Family Xanthorrhoeaceae), Lepidosperma laterale, 
Gahnia radula, G. sieberiana (Cyperaceae), Acacia pulchella (Mimosaceae), Corymbia 
calophylla, Eucalyptus ovata (Myrtaceae) survive the passage of disease and often thrive in 
post-disease situations in the Australian environment. L. longifolia was initially listed as a 
slightly susceptible species [slightly susceptible plants show minor chlorosis and browning of 
branches] to P. cinnamomi infection (Weste 2001) but more recently L. longifolia has been 
described as a field resistant species (O’Gara et al. 2005). Confirmation of the level of 
resistance of Australian native plant species can be difficult in the field as plants do not always 
show visible symptoms as expression of disease is largely dependent on the environmental 
conditions (O’Brien et al. 2009). As such, the term ‘tolerance’ has been often used to describe 
plants that are infected by the pathogen but show minimal or variable signs of disease (Rookes 
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et al. 2008).  Hence, a thorough assessment is required to evaluate the response of Australian 
native species to infection by P. cinnamomi and to elucidate mechanisms that are associated 
with resistance. A comprehensive approach to assessment of resistance in plants to P. 
cinnamomi infection has been described (Allardyce et al. 2012). In this approach five 
parameters (plant fresh weight, root length, root lesion length, extent of pathogen colonization 
and leaf chlorophyll content), were used to differentiate susceptibility from resistance. Here 
the current chapter use the similar approach as the basis for assessment of the response of L. 
longifolia to P. cinnamomi. 
PTI (PAMP-triggered immunity) is the first phase of defence responses of plants and reactive 
oxygen species (ROS) such as hydrogen peroxide (H2O2) along with callose and lignin are 
produced by plants as PAMP-(Pathogen associated molecular pattern) induced responses 
during pathogen attack (Newman et al. 2013). H2O2 acts as a signalling molecule to activate 
signalling cascades that induce plant defence mechanisms (Foley et al. 2016) and it also 
exhibits antimicrobial activity through inhibition of spore germination (Peng and Kuc 1992). 
Callose depositions like papillae are an important feature of plant basal resistance and are 
hypothesized to increase the strength of the plant cell wall at the pathogen penetration site to 
prevent the penetration (Malinovsky et al. 2014). Recently, the importance of callose in 
penetration resistance has been demonstrated using overexpression of the callose synthase gene 
in Arabidopsis thaliana and in Hordeum vulgare (Barley) against the powdery mildew 
pathogens (Ellinger et al. 2013; Blumke et al. 2013). Another cell wall strengthening 
compound lignin has multiple roles in plant defence and is described as a late response in 
PAMP-induced defence. Lignin is a phenolic polymer and acts as a physical barrier against 
pathogen invasion. Moreover, the phenylpropanoid pathway, responsible for lignin 
biosynthesis, is engaged to synthesize other secondary metabolites used by plants for defence 
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purposes including various phytoalexins, stilbenes, coumarins and flavonoids that have been 
shown to be involved in defence (Lozovaya et al. 2007; Malinovsky et al. 2014). 
Exploration of plant defence against P. cinnamomi has been quite limited in comparison to 
many other root pathogens (Garcia-Pineda et al. 2010). There have been a number of studies 
that have analysed resistance in model species (for example Zea mays, Arabidopsis thaliana) 
and other hosts (Persea americana and Castanea sp.). In these studies, reactive oxygen species, 
cell wall fortification, upregulation of defence-related genes, changes in phytohormone levels, 
accumulation of defence-related proteins and secondary metabolites have all been described in 
response to P. cinnamomi (Rookes et al. 2008; Acosta-Muñiz et al. 2012; Eshraghi et al. 2011; 
Allardyce et al. 2013; Reeksting et al. 2014 and Serrazina et al. 2015). However, the 
importance of individual compounds and genes or gene products has not been established. In 
terms of resistance responses in Australian field resistant species, an initial study was 
performed using several species (Cahill et al. 1989), however, detailed studies on cellular 
resistance responses and involvement of resistance related genes have not yet been undertaken. 
Hence, the aim of the present study was to investigate the cellular resistance responses as well 
as the involvement of associated defence related genes in the field resistant Australian native 
species L. longifolia infected with P. cinnamomi. 
3.2 Materials and Methods 
3.2.1 Plant growth and maintenance 
Lomandra longifolia (Seed world, NSW, Australia) and Lupinus angustifolius (var. wonga, 
Naracoorte, SA, Australia) seeds were germinated on wet filter paper and the germinated 
seedlings were grown in a soil-free plant growth system (SPS) within temperature-controlled 
growth cabinets under 200 µmol m-2 sodium light at 21°C with a 16/8 h photoperiod (Allardyce 
et al. (2012). Water containing 1/3 strength nutrient solution (Total Horticultural Concentrate 
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Excel Distributors, Doncaster East, VIC, Australia) was sprayed daily on the seedlings. The 
filter paper and nutrient solution were renewed every 5 days.  
3.2.2 P. cinnamomi culture and plant inoculation procedures 
 
Phytophthora cinnamomi isolate DU67 (Deakin University culture collection, A2 mating type) 
was used for all experimental procedures. The isolate was then passed through susceptible plant 
species L. angustifolius to maintain its virulence and subcultured every 7-10 days onto 10% 
CV8 agar to maintain a fresh working culture. The identity and purity of the P. cinnamomi 
cultures were confirmed by observation of morphological features and by PCR analysis with 
Phytophthora-specific primers (Allardyce et al. 2012). 
Zoospores of P. cinnamomi were produced following the method of Byrt and Grant (1979) and 
the suspension was adjusted to a density of 1×105 spores/mL with sdH2O prior to use as 
inoculum. To compare the response of primary roots of L. angustifolius (10 day old plants) and 
L. longifolia (2.5 month old plants) at similar developmental and physiological ages to infection 
by P. cinnamomi they were inoculated by placing a 20 µl drop of zoospore suspension 5 mm 
behind the root tip in the zone of elongation. For inoculation, the polycarbonate tray containing 
plants was placed horizontally on a bench at room temperature, opened and the exposed roots 
inoculated and then covered for one h to allow for zoospore encystment. The growth tray was 
then clipped back together and the SPS unit was returned back to the plant growth conditions 
as described in section 2.1. To quantify cellular resistance parameters and gene expression 
analysis, the roots were inoculated with sequential drops (3 to 5) 5 mm apart commencing from 
the tip. Control roots of both plant species were treated with an equivalent amount of sdH2O. 
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3.2.3 Resistance determinants to P. cinnamomi 
 
Five parameters (plant fresh weight, root length, root lesion length, relative chlorophyll 
concentration and ability to suppress P. cinnamomi colonization in root tissue) were selected 
and each parameter was measured according to Allardyce et al. (2012) to assess the resistance 
in L. longifolia. L. angustifolius was used as a susceptible control. Following inoculation or 
mock inoculation, measurements were recorded for each parameter up to 168 hours post 
inoculation (hpi). A total of 10 control and 10 inoculated plants were considered for each 
species at each time point, except for assessment of pathogen colonization of roots where 12 
control and 12 inoculated plants were used. Each parameter was independently tested in 
triplicate. In addition, 20 plants (inoculated and control) of both species were grown for two 
weeks under the same conditions as described in section 2.1 to examine any changes in 
appearance of the plants due to pathogen inoculation.    
To evaluate the colonization of each host, harvested roots at each time point were surface 
sterilized by 70% ethanol and first cut transversely into two 0.5 cm pieces with the first piece 
centred on the inoculation site and the second immediately proximal to that, then these pieces 
were cut longitudinally, in half, and these segments were placed sequentially onto 
Phytophthora-selective medium (PARPH) in 90-mm-in-diameter Petri dishes. Plates were 
incubated at 24°C and examined daily for pathogen growth. Colonization of roots was 
determined as the percentage of infected root segments.  
3.2.4 Analysis of H2O2 and peroxidase levels  
 
H2O2 was detected with 3,3ˈ-diaminobenzidine tetrachloride (DAB) reagent (Sigma-Aldrich) 
as described by Venus and Oelmuller 2013. Control and inoculated root cuttings (2.5 cm from 
the root tip) of L. longifolia were immersed in DAB solution (10 mg ml-1 dissolved in 0.01% 
HCl) for 3 h and the reaction was stopped by transferring the seedlings into distilled water. 
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After staining, root cuttings were incubated in decolouring solution (EtOH:lactic 
acid:glycerol= 1:1:1) at 80°C for 20 min. Then the root cuttings were viewed under a bright-
field microscope. Hydrogen peroxide and peroxidase were extracted from 50 mg FW root 
tissue frozen with liquid nitrogen as described in Mintoff et al. (2015). Frozen tissue (8 roots 
from at least 5 different plants per replicate) was ground into a fine powder and samples were 
vortexed after adding 500 µL 40mM potassium phosphate buffer (pH 6.5). Then samples were 
centrifuged for 15min at 13000g at 4°C. Hydrogen peroxide and peroxidase were quantified 
from this suspension using a kit (Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit, Life 
Technologies, Mulgrave, Vic., Australia) as per the manufacturer’s protocols, and the resulting 
florescence measured using a microplate reader (Thermo Scientific Variokan). Data presented 
represent the mean of two independent experiments and are expressed as μm H2O2 g FW-1 and 
mU peroxidase g FW-1 for hydrogen peroxide and peroxidase, respectively. 
3.2.5 Detection and quantification of callose 
 
 Callose was detected from L. longifolia root tissue according to the method described by 
Mintoff et al. (2015) with minor modification. Briefly, roots of control and inoculated plants 
were cut with a scalpel at 24 hpi, 48 hpi, 72 hpi, 120 hpi and 168 hpi and then again cut into 
thin transverse sections from just above the lesion by hand using a single edge blade. Root 
sections were placed into a 9 cm plastic petri dish containing 90% (v/v) ethanol for 24 hr and 
the root sections were then suspended in 0.5 % aniline blue buffered in 0.15M di potassium 
hydrogen orthophosphate (K2HPO4) overnight at room temperature. Roots were then rinsed 
once with sdH2O prior to being mounted onto glass slides in 150 - 200 μL 50 (v/v) glycerol. 
Samples were viewed under a microscope using ultraviolet epifluorescence (365nm excitation, 
420nm emission, Axioskop, Zeiss, Mercury arc source, HBO 50 lamp) and photographs were 
taken using a camera mounted on the microscope (SPOT RT Slider, Diagnostic Instrument 
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Inc.). To quantify callose, control and inoculated roots were harvested at the specified hpi and 
placed in 80% ethanol. Then the roots were homogenised and subsequently callose was 
extracted and quantified as described by Kohler et al. (2000). Data represent the mean of two 
replicates each with 8 roots of at least 5 different plants from 2 independent experiments and 
callose content was expressed as ng β-1,3-glucan equivalents mg-1 fresh weight.  
3.2.6 Detection and quantification of lignin 
 
To visualize lignin production, control and inoculated root pieces (roots were severed 2.5 cm 
from the root tip) were rinsed with distilled water for 5 minutes and then incubated in a 1% w/v 
phloroglucinol-HCl 6N solution for 5 min (Lequeux et al. 2010). The root pieces were then 
washed with distilled water and lignin production was viewed under bright-field microscope. 
Lignin was quantified from control and inoculated L. longifolia root tissue by acetyl bromide 
method according to Moreira-Vilar et al. (2014). Briefly, the roots (12 roots from at least 8 
plants per replicate) were harvested and dried in an oven at 60°C until a constant weight was 
achieved. Dry samples were homogenized in 50 mM potassium phosphate buffer and 
centrifuged, the resulting pellet was washed sequentially in phosphate buffer, 1% (v/v) 
TritonX-100 in pH 7.0 buffer, 1M NaCl in pH 7.0 buffer, distilled water and acetone. The 
protein-free cell wall fraction was achieved through drying the pellet and cooling in vacuum 
desiccator. Then the dried powder was dissolved in a solution containing 0.5 mL of 25% acetyl 
bromide (v/v in glacial acetic acid) and incubated at 70°C for 30 min. Then the resulting 
solution was mixed with 0.9 mL of 2 M NaOH, 0.1 mL of 5M hydroxylamine-HCl and a 
volume of glacial acetic acid sufficient for complete solubilisation of the extract. The 
absorbance of the centrifuged supernatant (1400×g, 5 min) was measured at 280 nm in 
spectrophotometer. The alkali lignin was used as a standard and the lignin content in the sample 
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was calculated using standard curve. Data presented represent the mean of two independent 
experiments and expressed as mg lignin g-1 cell wall. 
3.2.7 Inhibition of callose in root tissue 
 
To inhibit callose production, roots were pre-treated with 2-Deoxy-D-glucose (2-DDG) at a 
concentration of 250μM at 24 h before inoculation (Ton and Mauch-Mani 2004). Then treated 
and non-treated roots were inoculated as mentioned in section 2.2. To ensure uptake and 
effective inhibition, root cuttings were stained with aniline blue and viewed under 
epifluorescence as described section 2.5.  
3.2.8 Extraction of RNA and quantitative reverse transcriptase PCR analysis 
 
Control and inoculated L. longifolia roots (15 roots from at least10 plants per replicate per time 
point) were harvested at 0 hpi, 6 hpi and 24 hpi and immediately frozen in liquid nitrogen. 
RNA was extracted from ground root tissue of control and inoculated L. longifolia roots using 
a commercial kit (RNeasy Plant Mini Kit, Qiagen, Australia) which included on-column DNase 
digestion to remove DNA contamination. The RNA concentration and relative purity was 
estimated using the NanoDrop ND-1000 spectophotometer with absorbance ratio of A260/280 
and A260/230 and non-denaturing 1% TAE agarose gels. A Tetro cDNA synthesis kit (Bioline, 
Catalog No. BIO 65043) was used to synthesise cDNA according to manufacturer’s instruction 
from isolated RNA.  
Quantitative real time PCR (RT-qPCR) was performed to analyse the induction of major H2O2, 
callose, and lignin biosynthetic genes from inoculated root tissue. The genome information of 
L. longifolia is not available, therefore to design primers for the various biosynthetic genes, 
this study collected contig sequences (unpublished transcriptome data) that showed homology 
to callose, lignin and H2O2 biosynthesis genes. The present study selected callose synthase-5 
(CalS5) and callose synthase-7 (CalS7) as callose biosynthesis genes, chalcone synthase (CHS) 
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and phenylalanine ammonia lyase (PAL) as lignin biosynthetic pathway genes and glutathione-
s-transferase (GST) as a marker gene of reactive oxygen species. Actin was chosen as a 
reference gene as it was equally expressed at all time points in transcriptome data of this 
interaction (data not shown).  Primers were designed based on sequence using primer3plus 
(www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) (Table 3-1). Primer specificity 
and melting temperature was checked first by performing a conventional PCR and the PCR 
products were run on a 1% agarose gel in 0.5X TBE. In this PCR analysis, the actin gene was 
equally expressed in all inoculated and control samples. Then, the qPCR was implemented 
using Rotor-Gene Syber Green PCR Master Mix (Qiagen, Australia) on a Rotor-Gene 3000 
(Qiagen Pty Ltd. Doncaster, Victoria, Australia). The following thermal cycles were followed 
for each gene: denaturation step at 95°C for 15 min followed by 40 cycles of denaturation at 
95°C for 40 sec annealing temperature for 30 sec and 72°C for 30 sec, a melt (60-92°C) cycle 
was also performed with each unit of temperature held for 30 sec (Lovelock et al. 2013). Three 
biological replicates (Each of two independent experiments) were used for each time point and 
each reaction was run in triplicate for each target and reference gene. All samples were run in 
parallel with reference gene to normalize cDNA loading. The primers were verified for 
amplification efficiency of approximately 100% and the relative expression values for each 
target gene was calculated against a reference gene (Actin) using the following equation 
according to Livak and Schmittgen (2001):  ΔΔCT = (CT, Target – CT, Actin) Time X- (CT, 
Target – CT, Actin) Time 0.  
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Table 3-1: Primer sequences used for analysis of CalS5, CalS7, ChS, PAL and GST 
Name Oligonucleotide sequence (5ˈ to 3ˈ) PCR 
product 
size (bp) 
Sequence 
availability 
CalS5_F 
(Contig_57681) 
ATGATGACTCCCACAGCAGC 165  All the 
sequences are 
available in 
NCBI at 
Transcriptome 
Shortgun 
Assembly  
(TSA) database 
under accession 
number 
GFBB00000000 
CalS5_R 
(Contig_57681) 
CTGGTTGACGTGCCTCATCT  
CalS7_F 
(Contig_11336) 
CGTTCGACCACCAACCAAAC 154  
CalS7_R 
(Contig_11336) 
GATTATCGCTGCGACCTGGA  
ChS_F 
(Contig_438) 
GTGGGACTGCTATCCGCTAC 154  
ChS_R 
(Contig_438) 
CGTCCCCGAAAAATGCAGTG 
PAL_F 
(Contig_227) 
ACTTCTCCTTCACACTCGAG 188  
PAL_R 
(Contig_227) 
GAGGCTGGCTGCTTGGATTA 
GST_F 
(Contig_254) 
ACCCTTGCAGCTCCACTTAC 192  
GST_R 
(Contig_254) 
ATTCTCCACGGCCACTCTTG  
Actin_F 
(Contig_65) 
GCATATCCGGTCTTCTTGGA 183  
Actin_R(Contig_65) GCATGCCTGTTGGATCTCTT 
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3.2.9 Data analysis 
 
Data were analysed using International Business Machines Statistical Package for the social 
sciences IBM SPSS statistics and the significance of differences between mean were obtained 
using Duncan’s Multiple Range Test (DMRT), 0.05 level of significance. 
3.3 Results 
3.3.1 Lesion formation on roots following inoculation with P. cinnamomi 
 
L. longifolia roots inoculated with P. cinnamomi generated light brown lesions which were 
confined to restricted areas of the epidermis directly beneath the inoculation point from 24 hpi 
(Figure 3-1A). Approximately half of all infected roots exhibited continuous growth from the 
lesion initiation point (Figure 3-1A and 1D), while the remainder were found to have no further 
growth from the lesion point (Figure 3-1B and 1C). In addition, a small number of inoculated 
roots formed lateral roots from the point of inoculation (Figure 3-1D). In contrast, inoculated 
L. angustifolius roots developed dark brown water-soaked lesions which extended from the 
inoculation point (Figure 3-1E). Moreover, inoculated L. angustifolius roots showed complete 
tissue collapse and lateral roots were not formed on the inoculated roots. Roots of control plants 
of both species did not show any lesions and remained white and healthy in appearance (Figure 
3-1F and 1G).  
Lesion length of L. angustifolius roots was significantly higher (P < 0.05) than that of L. 
longifolia roots at all times examined up to 168 hpi. The mean lesion length of inoculated L. 
angustifolius roots was recorded as a maximum of 53.06 mm whereas a maximum lesion length 
of 6.94 mm was recorded for L. longifolia (Figure 3-1H). Moreover, a final observation was 
made at two weeks after inoculation at which time the inoculated L. longifolia plants were 
similar in appearance to the mock inoculated control plants except that restricted lesions had 
developed on the roots (data not shown). 
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Figure 3-1: Lesion development in roots of L. longifolia and L. angustifolius following 
inoculation with P. cinnamomi zoospores. (A) Restricted lesion in L. longifolia roots at 120 hpi 
and continuous root growth. (B) Medium-sized restricted lesion in L. longifolia roots at 120 
hpi. (C) Restricted lesion in L. longifolia roots at 120 hpi and the root growth was arrested by 
infection. (D) Restricted lesion in L. longifolia roots at 120 hpi and proliferation of lateral roots 
at the site of inoculation. (E) Water-soaked spreading lesions in roots of L. angustifolius at 120 
hpi (hours post-inoculation). (F) Water inoculated L. longifolia root. (G) Water inoculated L. 
angustifolius root. Arrow indicate the point of inoculation on the root and square bracket 
denotes the lesion area of each root. Scale bar = 0.5 cm.  (H) Mean lesion length in roots of L. 
longifolia and L. angustifolius. *, significant difference between lesion lengths of the two 
species at the specified time after inoculation at P -0.05 according to Duncan multiple range 
test. Data shown are the mean of three independent experiments and bars represent one s.e.m.    
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3.3.2 Plant fresh weight and root growth following inoculation 
 
No significant difference between control and inoculated L. longifolia total plant fresh weight 
were found from 48 - 168 hpi (Figure 3-2A). In contrast, there was a significant difference 
between the plant fresh weight of control and inoculated L. angustifolius plants at the recorded 
time points between 48 hpi to 168 hpi (Figure 3-2B).  
The primary root growth of inoculated L. longifolia was significantly decreased compared to 
control at 48 hpi and 96 hpi, however, there was no significant difference between growth of 
control and inoculated roots at 120 hpi and 168 hpi (Figure 3-3A). In contrast, the root growth 
of inoculated L. angustifolius was significantly reduced at all measured time points when 
compared to control roots (Figure 3-3B). 
 
Figure 3-2: Fresh weight of L. longifolia and L. angustifolius up to 168 hpi of roots with P. 
cinnamomi zoospores or mock inoculation with dH2O.  (A) Fresh weight of inoculated and 
control L. longifolia plants and (B) fresh weight of inoculated and control L. angustifolius 
plants. * Means of FW that were significantly different at P-0.05 according to Duncan’s 
multiple range test. Data presented here are the mean of three independent experiments and 
bars represent one s.e.m. 
 
 
A A   
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Figure 3-3: Root growth of L. longifolia and L. angustifolius up to 168 hpi of roots with P. 
cinnamomi zoospores or mock inoculation with dH2O. (A) Root growth of inoculated and 
control L. longifolia plants and (B) Root growth of inoculated and control L. angustifolius 
plants. * , Means of root growth that were significantly different to respective control P-0.05 
according to Duncan’s multiple range test. Data presented here are the mean of three 
independent experiments, and bars represent one s.e.m.  
3.3.3 Analysis of root segment colonisation by P. cinnamomi  
All the root segments of inoculated L. angustifolius harvested at 120 hpi produced hyphal 
growth when plated on selective media, while the pathogen was restricted to 27.08% of L. 
longifolia root segments (Figure 3-4A and 4B).  At the highest recorded hours post-inoculation 
(168 hpi), pathogen growth remained restricted to place of inoculation in L. longifolia (13% of 
root segments), but all root pieces of L. angustifolius yielded the hyphae of P. cinnamomi 
(Figure 3-4C). Mock inoculated L. longifolia roots were free of the pathogen as there was no 
P. cinnamomi hyphal growth present on selective medium plates (data not shown). The 
percentage of pathogen producing root segments of L. angustifolius was found statistically 
higher compared to control at all considered time points (Figure 3-4C).  
 
 
 
 
102 
 
 
Figure 3-4: Presence of P. cinnamomi in root segments of L. longifolia and L. angustifolius 
after inoculating with zoospores or water. (A) Zoospores inoculated L. angustifolius root 
segments harvested at 120 hpi (B) Zoospores inoculated L. longifolia root segments harvested 
at 120 hpi. Scale bar = 0.5 cm. (C) The data expressed as a percentage of the total number of 
pathogen-producing root segments. * , significantly different between two species at P-0.05 
according to Duncan’s multiple range test. The mean value is from three independent 
experiments and bars represented one s.e.m. 
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3.3.3 Relative chlorophyll content in the leaf tissue 
 
At all the time points tested, there was no significant difference  between  the relative amount 
of chlorophyll in leaves of control and inoculated L. longifolia (Figure 3-5A). However, a 
significant difference was found in terms of chorophyll content in control and inoculated L. 
angustifolius leaves from 96 hpi to 168 hpi (Figure  3-5B). Most of the leaves of inoculated L. 
angustifolius plants displayed visible yellowing and a chlorotic appearance at 14 days after 
inoculation, whereas there was no observable difference between control and inoculated L. 
longifolia leaves (data not shown). 
 
Figure 3-5: Relative chlorophyll concentration in leaves of L. longifolia  (A) and L. 
angustifolius (B) after inoculation with P. cinnamomi zoospores or water until 168 hpi. * , 
means of relative chlorophyll concentration that were statistically different at  P-0.05 according 
to Duncan’s multiple range test.  Data presented are the mean of three independent experiments 
and bars represent one s.e.m. 
3.3.4 Assessment of resistance 
 
A final assessment of the L. longifolia-P. cinnamomi interactions was made on the basis of the 
five parameters described above where all the parameters were statistically different from the 
control.  L. longifolia was therefore scored as a species that is resistant to P. cinnamomi. A 
number of resistant-related responses were then examined in Lomandra longifolia in detail to 
further characterise this interaction. 
104 
 
3.3.5 Exploration of cellular resistance of L. longifolia infected with P. cinnamomi 
3.3.5.1 H2O2 production and peroxidase enzyme activity in roots inoculated with P. 
cinnamomi 
The production of H2O2 was identified as a reddish-brown precipitate in L. longifolia roots 
inoculated with P. cinnamomi following staining with DAB. From 6 hpi, H2O2 was detected in 
the inoculated root at the inoculation point (Figure 3-6B). The intensity of H2O2 staining 
increased at 12 hpi (Figure 3-6D). The control roots did not produce H2O2 at any time point 
tested (Figure 3-6A and 3-6C). The concentration of H2O2 in inoculated roots was statistically 
similar to that in control roots at 3 hpi, however, the concentration was statistically higher from 
6 hpi to 48 hpi compared to their respective control (Figure 3-6E). To examine the role of 
accumulated H2O2 in L. longifolia defence responses, peroxidase enzyme activity (POD) was 
quantified. This enzyme catalyses the last step in lignin biosynthesis, from the oxidation of 
cinnamyl alcohols using H2O2 (Dawson 1988) and is also involved in various metabolic 
processes (Normanyly et al. 1995). The peroxidase quantitative assay used here indicated that 
POD activity was induced from 6 hpi and reached the highest level at 24 hpi in comparison 
with the control (Figure 3-6F). 
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Figure 3-6: Hydrogen peroxide (H2O2) detection and quantification and peroxidase enzyme 
activity quantification from L. longifolia roots inoculated with P. cinnamomi zoospores or 
water.  Hydrogen peroxide was detected with DAB stain resulting reddish-brown precipitate in 
the root tissue. (A) Control root at 6 hpi showing no H2O2 production (B) Inoculated root at 6 
hpi showing H2O2 production. (C) Control root at 12 hpi showing no H2O2 production. (D) 
Inoculated root at 12 hpi showing H2O2 production. Scale bar = 150 µm. (E) Quantification of 
H2O2 from control and inoculated L. longifolia root harvested at mentioned hpi. (F) 
Quantification of peroxidase activity from control and inoculated L. longifolia root harvested 
at mentioned hpi. Data are the mean value of two independent experiments. * , significant 
difference between inoculated and control samples at P- 0.05 according to Duncan’s multiple 
range test. 
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3.3.5.2 Callose production in roots inoculated with P. cinnamomi 
 
To further characterise the cellular defence responses of L. longifolia roots to P. cinnamomi, 
we detected and quantified callose at different hpi. Following aniline blue staining, callose was 
visualized as a bright blue-white fluorescence in L. longifolia root tissue inoculated with P. 
cinnamomi. Throughout the time course examined, feint fluorescence was observed within the 
epidermis, exodermis, cortex, endodermis and vascular areas of the control root sections 
(Figure 3-7A). Callose production was observed to increase in inoculated root sections from 
48 hpi to 168 hpi (Figure 3-7B and 3-7C). The location of the callose deposition also varied 
over the time course. At 48-72 hpi, the majority of the callose was found in epidermal region 
and a few callose plugs were found in the vascular region (Figure 3-7B). From 120 hpi, the 
majority of the callose was detected within vascular regions, particularly across sieve plates in 
the sieve tube elements of the phloem (Figure 3-7C). Quantitative analysis showed that the 
amount of callose in inoculated roots was significantly higher than controls from 48 hpi and 
reached its maximum at 72 hpi (Figure 3-7D). 
To examine the role of callose in L. longifolia resistance, roots were treated with the callose 
inhibitor 2-DDG and then inoculated with P. cinnamomi. There was no callose observed at the 
site of inoculation in inhibitor treated roots (Appendix 3-1G). However, the lesion lengths of 
inhibitor treated and inoculated roots were not statistically different from those on roots that 
were inoculated but not treated with the inhibitor (Appendix 3-1E). 
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Figure 3-7: Callose production in L. longifolia root tissue observed under UV-epiflouresence. 
(A) Control (water-inoculated) root tissue, no callose was observed. (B) L. longifolia inoculated 
root tissue harvested at 72 hpi showed callose deposition. Scale bar = 150 µm. (C) P. 
cinnamomi inoculated L. longifolia root tissue harvested at 120 hpi showed callose papillae 
(arrowheads). Scale bar = 50 µm.  Representative pictures from three independent experiments, 
transverse sections stained with aniline blue. (D) Quantification of callose in control and 
inoculated L. longifolia roots at indicated hpi. *, means of the amount of callose that were 
statistically different from their respective control P- 0.05 according to Duncan’s multiple 
range test. Data presented are the mean of two independent experiments and bars represent one 
s.e.m.  
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3.3.5.3 Lignin production in roots inoculated with P. cinnamomi 
 
To investigate the involvement of the cellular resistance marker, lignin, in L. longifolia 
interactions with P. cinnamomi, it was detected and quantified in inoculated roots. The roots 
were treated with phloroglucinol-HCl which stains lignin in red-violet. Lignin was detected 
from 48 hpi and more homogeneously distributed from 72 hpi to 120 hpi (Figure 3-8B and 3-
8D), whereas no lignin was detected from control (water inoculated) root (Figure 3-8A and 3-
8C). Quantification of lignin revealed the gradual accumulation of the polymer from 48 hpi 
and reached highest peak at 72, then the level was reduced gradually until 168 hpi (Figure 3-
8E). Moreover, the lignin level was significantly higher (P<0.05) in inoculated roots at 48 hpi 
to 168 hpi compared with their respective controls (Figure 3-8E).  
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Figure 3-8: Lignin production in L. longifolia roots observed under bright field microscope. 
(A) Control (water-inoculated) at 72 hpi root, no lignin was observed. (B) L. longifolia 
inoculated root harvested at 72 hpi showed lignin production. (C) Control (water-inoculated) 
at 120 hpi root, no lignin was observed. (D) P. cinnamomi inoculated L. longifolia root 
harvested at 120 hpi showed lignin production. Scale bar = 150 µm. Representative pictures 
from three independent experiments, root cutting and stained with phloroglucinol-HCl. (E) 
Amount of lignin in control and inoculated L. longifolia root at the specified hpi. *,  means of 
the amount of lignin that were statistically different from their respective control at P-0.05 
according to Duncan’s multiple range test. Data presented are the mean of two independent 
experiments and bars represent one s.e.m.  
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3.3.6 Gene expression analysis  
 
Clear induction of the H2O2 marker gene, GST, (glutathione S-transferase) was observed at 6 
and 24 hpi in L. longifolia root tissue inoculated with P. cinnamomi (Figure 3-9A). The callose 
synthase genes (callose synthase5 and callose synthase7) were also induced compared to 
respective controls (Figure 3-9B and 3-9C). For the lignin biosynthetic pathway associated 
genes (chalcone synthase and phenylalanine ammonia-lyase), a similar induction pattern was 
found, however, the chalcone synthase gene was more highly up-regulated (8.4 fold) compared 
to the respective control (Figure 3-9D and 3-9E). Interestingly, for all examined genes, there 
was greater up-regulation at 6 hpi when compared to 24 hpi. At 0 hpi, all genes examined had 
expression levels comparable with that of the control (Figure 3-9A-3-9E).  
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Figure 3-9: Relative quantification (RQ) of expression levels of H2O2 marker gene  (A) 
glutathione S-transferases, callose biosynthetic gene (B) callose synthase 5, (C) callose 
synthase 7, major lignin bio-synthetic genes (D) chalcone synthase and E. phenylalanine 
ammonia lyase at 0, 6 and 24 hpi. Data are mean value of two independent experiments and 
bars represent one s.e.m. * significant difference between inoculated and control samples at P- 
0.05 according to Duncan’s multiple range test. 
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3.4 Discussion 
 
This study considered five specific parameters to determine resistance or susceptibility of L. 
longifolia to P. cinnamomi under controlled conditions and subsequently investigated the 
induction of cellular resistance responses along with associated induction of biosynthesis- 
related marker genes. The resistance parameters used had been established in an earlier study 
(Allardyce et al. 2012) where they were used to determine resistance against P. cinnamomi in 
the model plant Z. mays.  The current study analysed in detail the response of L. longifolia roots 
to P. cinnamomi inoculation. The primary response of the inoculated plants of L. longifolia 
accurately corresponded with those of the resistant model plant Z. mays (Allardyce et al. 2012), 
except for the primary root growth where continuation of root growth commenced from 48 hpi. 
This growth pattern suggests that L. longifolia diverted energy into arresting pathogen growth 
first and then to resuming root growth. Thus, the result suggests that L. longifolia used 
resistance mechanisms, including formation of physical barriers, to quickly restrict the 
pathogen to a small area of the root. On the other hand, L. angustifolius, the susceptible host, 
following inoculation exhibited the typical features of susceptibility including expanding 
lesions, reduced root growth, lower plant fresh weight, and unrestricted pathogen growth inside 
the root and less relative chlorophyll content in the leaves.  
In contrast to L. angustifolius, the inoculated L. longifolia plants were healthy in appearance 
and were not compromised in fresh weight or relative chlorophyll content. Relative chlorophyll 
is an important indicator in plant health and a reduced level of leaf chlorophyll resulting in 
chlorosis is the most common and readily detectable symptom of P. cinnamomi infection of 
plants in the field (Weste et al. 2002). The current chapter have, therefore, successfully 
evaluated the resistance of L. longifolia, an Australian native plant previously described as field 
resistant (O’Gara et al. 2005) under controlled conditions using a defined set of parameters 
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(Allardyce et al. 2012). This demonstrates the suitability of this approach to examining other 
plant species in which there is value in understanding the level of resistance to P. cinnamomi 
that they possess. Of course, the results of a controlled experiment will not always reflect field 
observations where there is an array of other variables influencing the overall interaction but 
understanding the inherent level of resistance that a species can display is needed before other 
influences can be evaluated.  
The current chapter further explored the mechanisms involved in the restriction of lesions and 
the sharp reduction in pathogen growth in infected roots of L. longifolia. Inoculation of L. 
longifolia roots with P. cinnamomi induced a markedly increased production of H2O2 and 
peroxidase at early time points. A rapid accumulation of H2O2 is often associated with HR-
induced defence responses. To date, HR-like cell death following inoculation with P. 
cinnamomi has been reported for the native legume, Acacia pulchella (Tippett and Malajczuk 
1979) and some evidence of the same pattern of resistance was also found in resistant clones 
of the tree species Eucalyptus (Corymbia calophylla (Cahill and McComb 1992). Moreover, 
H2O2 has been shown to be involved in HR-like cell death in leaves of Arabidopsis and roots 
of Z. mays upon inoculation with P. cinnamomi (Robinson and Cahill 2003; Rookes et al. 2008; 
Allardyce et al. 2013). Our study presents the first report of the qualitative and quantitative 
analysis of a reactive oxygen species in an Australian native host species infected with P. 
cinnamomi. P. cinnamomi is predominantly a necrotrophic pathogen (Rookes et al. 2008; 
Esraghi et al. 2014) and in necrotrophic interactions production of reactive oxygen species 
including H2O2 is thought to facilitate, rather than prevent, colonisation which is the case for 
biotrophic pathogens (Kliebenstein and Rowe 2008). For example, H2O2 does not appear to be 
involved in resistance of avocado to P. cinnamomi (Garcia-Pineda et al. 2010). However, other 
reports have discussed that ROS is involved in host and non-host resistance to both 
necrotrophic and hemibiotrophic pathogens (Vleeshouwers et al. 2000; Asselbergh et al. 2007). 
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For example, ROS accumulates rapidly in a resistant Solanum cultivar upon inoculation with 
P. infestans resulting in inhibition of disease development (Vleeshouwers et al. 2000). The 
‘sitiens’, abscisic acid deficient mutant which is resistant to the necrotrophic pathogen Botrytis 
cinerea, rapidly inducted H2O2 production in the epidermal cell wall of leaves following 
infection (Asselbergh et al. 2007). These and similar studies demonstrate that ROS does play 
a role early in the induction of resistance to necrotrophic pathogens. Our study suggests that 
early induction of H2O2 in L. longifolia roots is associated with resistance against P. 
cinnamomi. 
Callose deposition is a common resistance response of plants and there is a well-established 
dogma that callose papillae provide a physical barrier to prevent pathogen penetration (Ellanger 
et al. 2013). Callose formation following inoculation with P. cinnamomi has been shown in 
Arabidopsis leaves and Z. mays roots within 48 hpi (Robinson and Cahill 2003; Rookes et al. 
2008; Allardyce et al. 2013). One early study reported callose papillae formation in several 
Australian native field resistance species in response to P. cinnamomi inoculation (Cahill et al. 
1989), although this study did not quantify the response and no inhibition study was conducted 
to determine the individual contribution of callose to resistance. Our study clearly demonstrated 
callose formation in epidermal cells and the vascular region, and significantly higher callose 
concentrations from 48 hpi. Treatment of L. longifolia with a callose inhibitor had no visible 
effect on lesion formation which is similar to the ABA induced resistance in rice to the brown 
spot pathogen (Cochliobolus miyabeanus) where callose inhibitor treatment did not alter 
resistance (De Vleesschauwer et al. 2010).  
Lignin or lignin-like phenolic compounds were shown to be accumulated in many plant-
pathogen interactions and lignification has been shown to make plant cell walls more resistant 
to penetration by pathogens (Bhuiyan et al. 2009). Our study demonstrated that lignin 
accumulated and was widely distributed in root cells adjacent to lesions in response to pathogen 
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invasion. Lignin concentrations were significantly higher in infected roots than in water 
inoculated controls from 48 hpi to 168 hpi.  Two early studies had also reported that lignin 
accumulated in roots of field resistant species in response to P. cinnamomi (Cahill et al. 1989; 
Cahill and McComb 1992) although this was not quantitated. Peroxidase enzyme activity was 
also found to be increased in L. longifolia roots from 6 hours post inoculation. Peroxidases are 
involved in oxidising phenolic compounds through oxidative polymerisation of 
hydroxycinamyl alcohols to produce lignin (Vance et al. 1980) and are also involved in the 
generation of free radicals and H2O2 (Peng and Kuc 1992). So, induced peroxidase enzyme 
activity in inoculated L. longifolia roots is indicative of lignin biosynthesis but might also 
contribute to H2O2 accumulation.  
Defence-related gene expression analysis in plants in response to P. cinnamomi has been 
limited to the model species Arabidopsis and Z. mays (Rookes et al. 2008; Eshragi et al. 2011; 
Allardyce et al. 2013) and the usually susceptible hosts, Persea americana (Engelbrecht and 
van den Berg 2013; Reeksting et al. 2014), Castanea sp. (Serrazina et al. 2015) and Eucalyptus 
nitens (Meyer et al. 2016). The current chapter are the first to detail the induction of resistance-
related genes in an Australian native host infected with P. cinnamomi. Genome information is 
not available for L. longifolia and this study selected resistance-related genes from our in-house 
transcriptome data (unpublished). Induction of GST genes in plant species following pathogen 
inoculation has been previously described in a number of studies. An important function of 
GSTs in plants is to detoxify reactive oxygen species during the oxidative burst (Ahn et al. 
2016). In our study the high expression levels of GST genes suggests that there is a 
physiological response to combat the directly toxic effect of H2O2 accumulation in defence 
against the pathogen. Following infection with P. cinnamomi high transcript levels of GST 
were also found in Z. mays (Allardyce et al. 2013) and in a tolerant rootstock of P. americana 
(Engelbrecht and van den Berg 2013; Reeksting et al. 2014). Phenylalanine ammonia-lyase 
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(PAL) is the first committed enzyme of phenylpropanoid metabolism. Early or high PAL gene 
expression in response to pathogen infection is considered as a key indicator of plant resistance 
to pathogens (Wang et al. 2016).  Chalcone synthase (CHS) is involved in last step of 
phenylpropanoid pathway and the first step of flavonoid biosynthesis and hence is also 
implicated in defence-related biosynthesis (Shinya et al. 2014; Wang et al. 2016). Early 
upregulation of PAL and CHS in our study in L. longifolia suggests that phenylpropanoids and 
flavonoids in particular contribute to resistance.  Plants have several callose synthase genes 
(CalS), located on different chromosomes, that are responsible for the induction of callose 
papillae formation in different tissues and cells in response to various stress stimuli (Verma 
and Hong 2001). The current study have demonstrated the up-regulation of two CalS genes 
(CalS5 and CalS7) in L. longifolia roots within the early stages of infection by P. cinnamomi. 
The up-regulation of several CalS genes was also found in avocado roots infected with P. 
cinnamomi (Reeksting et al. 2014), however, in the interaction with P. cinnamomi under study 
here there appears to be little requirement for an involvement of callose in resistance.  
In conclusion, the current chapter have shown that L. longifolia is highly resistant to P. 
cinnamomi and that cell wall fortification in the form of callose, lignin and potentially other 
phenolic compounds occurs in response to infection by this pathogen. Moreover, early 
production of H2O2 is reported for this necrotrophic interaction adding to the complexity of the 
role of ROS in host pathogen interactions. It is clear from the current study that resistance 
against P. cinnamomi is not necessarily related to one factor but rather, it indicates that 
resistance at the cellular level in L. longifolia roots involves the coordinated response of a 
number of factors that are activated in a timely manner at the onset of infection.  Lomandra 
longifolia now joins an elite group of plant species for which biochemical, molecular and 
genetic information has been obtained that will enable us to define, and ultimately manipulate, 
the factors that enable those species to restrict P. cinnamomi within their roots. 
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  Transcriptome analysis, using RNA-seq, of Lomandra longifolia 
roots infected with Phytophthora cinnamomi reveals the complexity of the 
resistance response 
This chapter was written based on the manuscript submitted on Plant Biology 
Md Tohidul Islam, Hashmath I. Hussain, James E. Rookes and David M. Cahill (2017). 
Transcriptome analysis, using RNA-seq, of Lomandra longifolia roots infected with 
Phytophthora cinnamomi reveals the complexity of the resistance response. Submitted on Plant 
Biology. 
Md Tohidul Islam designed and carried out all the experiments, analysed the experimental data, 
prepared all the figures, tables, drafted and submitted the manuscript. David Cahill conceived 
the project and commented on draft manuscript. Hashmath Hussain helped me to analyse the 
RNA-Seq data. James Rookes contributed to drafting the manuscript. 
4.1 Introduction 
 
Phytophthora cinnamomi is a soil borne oomycete organism that is listed as one of the 100 
worst invasive alien species in the world due to its devastating effects on natural forest and 
agricultural production (Burgess et al. 2017; Kamoun et al. 2015). P. cinnamomi was first 
identified from cinnamon trees infected with stripe canker in Sumatra but it was also reported 
as the causal pathogen of ink disease of European chestnuts in Europe in 1860 and of American 
chestnuts in 1910 (Anagnostakis 2001; Burgess et al. 2017). This pathogen also causes 
phytophthora root rot disease in a large number of horticultural and ornamental species 
including avocado, pineapple, macadamia and rhododendron, in forestry species such as oak, 
chestnut and eucalyptus and in numerous species in natural systems (Cahill et al. 2008). Upon 
infection the roots of susceptible plants turn necrotic which impedes nutrient and water uptake 
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and typically leads to wilting, defoliation, dieback and plant death. P. cinnamomi can survive 
in soil or infected plant material for extended periods through the production of 
chlamydospores lignitubers and oospores (Jung et al. 2013).  Motile zoospores, formed under 
favourable conditions, are chemotactically attracted to roots where they encyst and quickly 
produce a germ tube which penetrates the root epidermis. The ability of P. cinnamomi to cause 
disease in an extremely wide range of host plants is unusual for a plant pathogen and thus it is 
a serious threat to both global biodiversity and crop production (Hardham 2005).  
Phytophthora cinnamomi is not easily controlled, especially when it occurs in natural 
environments. In Australia, current control in horticulture and other affected industries and 
within the natural environment is based on application of phosphite as either foliar spray or 
trunk injection to the plants (Cahill et al. 2008). The mechanisms through which phosphite acts 
are unclear (Dobrowolski et al. 2008; Scott et al. 2015) although in studies with the susceptible 
disease model Lupinus angustifolius, Gunning et al (Gunning et al. 2013) found that phosphite 
induced the production of a number of secondary metabolites that were correlated with lesion 
restriction and resistance to the pathogen. However, phosphite is not seen as a long term method 
to control disease as the pathogen may become resistant through the repeated use of phosphite 
and toxicity has been reported in some species (Cahill et al. 2008; Scott et al. 2016). 
Development of resistant plant populations has been proposed as a longer term, more durable 
alternative for effective control of disease caused by P. cinnamomi. Consequently, there is a 
need for additional knowledge of the molecular and biochemical processes that are related to 
resistance, the genes that regulate these processes and those that are required for resistance.  
Currently, the molecular mechanisms of resistance to P. cinnamomi are poorly understood and 
only a few studies have reported the associated resistance-related genes in host and model 
plants. In one of the first attempts and using a tolerant avocado rootstock inoculated with P. 
cinnamomi,expressed sequence tags and 454 pyrosequencing demonstrated the upregulation in 
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expression of resistance-related genes such as metallothione, thaumatin, cysteine proteases and 
pathogenesis-related protein Pseml (Mahomed and Van den Berg 2011). In a previous study 
that used a microarray approach and  the monocot resistant model, Zea mays, we found, in 
roots infected with the pathogen, the up-regulation of phytoalexin synthesis transcripts as well 
as jasmonic acid (JA) pathway related transcripts (Allardyce et al. 2013). Moreover, a further 
microarray study showed defence-related genes to be present and upregulated in avocado 
following both flooding and infection by P. cinnamomi (Reeksting et al. 2016).  
For transcriptome studies, next generation RNA-sequencing (RNA-seq) platforms such as 
SOLiD, ion torrent/ proton PGM, Roche 454 and Illumina have provided powerful as well as 
cost-effective sources for sequencing and analysis of different sample libraries obtained 
through reverse transcription of total RNA. RNA-seq technology has higher sensitivity 
compared with microarrays or other traditional methods to explore differentially expressed 
genes, discovery of novel transcripts and detection of gene expression (Garber et al. 2011). 
Furthermore, RNA-seq based transcriptome analysis does not require any prior knowledge of 
a gene sequence. De novo assembly of RNA-seq generated reads has also facilitated the 
discovery of genes in transcriptome analysis of many non-model plant species for which  
genome sequence information is not been available (Xiao et al. 2013). 
To date, two transcriptome studies of P. cinnamomi-plant interaction have been performed 
using NGS (Reeksting et al. 2014; Serrazina et al. 2015).  The de novo assembly based 
transcriptome of a tolerant Persea americana rootstock infected with P. cinnamomi showed 
the expression of stress-related transcription factors, phytohormone-related genes and defence 
related genes in the data set (Reeksting et al. 2014). Ink disease caused by P. cinnamomi has a 
significant effect on European chestnut (Castanea sativa) and transcriptome analysis of a 
resistant cultivar compared with a susceptible cultivar by NGS revealed a larger number and 
more diverse defence-related genes in the resistant cultivar (Serrazina et al. 2015).  
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Severe dieback and death has been reported for a large number of plant species in many regions 
of Australia (Burgess et al. 2017; Weste 1974). There are few plant species that have been 
described as resistant to P. cinnamomi, however, some species have been observed to survive 
in the presence of the pathogen in Australian natural vegetation and are often referred to as 
field resistant (Weste 2001). Recently, the response of the field resistant species, Lomandra 
longifolia, to infection by P. cinnamomi, was analysed in detail and is now considered a highly 
resistant species. Moreover, induction of resistance-related components, for example, callose, 
lignin, hydrogen peroxide and the heightened expression of genes involved in their biosynthesis 
has been shown for L. longifolia following inoculation of roots with P. cinnamomi (Islam et 
al.). This investigation of the response of L. longifolia focussed on the expression of several 
targeted genes including, for example, those that encoded phenylalanine ammonia lyase and 
callose synthase. An analysis of the changes that occur in gene expression at a global level 
should provide a powerful insight into the current understanding of the interaction at the 
molecular level. Therefore, in the current study, NGS was used to identify the defence-related 
transcriptome and thus further, more detailed insight into the components of defence that L. 
longifolia employs following invasion of roots by P. cinnamomi.  
4.2 Materials and methods 
4.2.1 Seed germination, seedling growth and plant maintenance  
 
Seeds of L. longifolia were purchased commercially (Seed World, Nowra Hill, NSW 2541, 
Australia) and were derived from mature L. longifolia plants (Gary Bridge, Personal 
Communication). Initial germination optimisation experiments were performed with seeds pre-
treated with hot or cold water for varying periods of time (Data not shown). Finally, the highest 
germination rate was found by immersing the seeds in hot (< 55 °C) tap water and left until the 
water became cool to touch (approx. 1 h).   The seeds were then surface sterilized with 1% 
(v/v) sodium hypochlorite for 2 minutes, rinsed twice with sdH2O and then spread on moistened 
121 
 
filter paper (Whatman no. 1) within a 9-cm-in-diameter Petri dish and sealed. A Petri dish 
containing seeds was then transferred to a growth cabinet (Thermoline Scientific, Wetherill 
Park, NSW, 2164, Australia) that maintained a photosynthetic photon flux of 270-320 µmol m-
2S-1 during a 16/8-h light/dark photoperiod at 22°C for 3 weeks. The filter paper in each Petri 
dish was replaced each week with a fresh piece that was moistened with sdH2O. The germinated 
seeds were then transferred to a soil-free plant growth system (SPS), twenty plants in each 
module, as described in Gunning and Cahill (Gunning and Cahill 2009) where roots could grow 
vertically down a moistened filter paper support.  The SPS system allowed for the production 
of roots free from soil and enabled roots to be inoculated with minimal disturbance. Seedlings 
within the SPS were placed within a growth cabinet under the same conditions as described 
above. Additionally, each plant was top sprayed with distilled water to run off using a fine mist 
sprayer every 2 days and the nutrient solution (THC, Excel Distributors, Doncaster East, 
Victoria, Australia) held in the basal reservoir, was renewed with fresh solution every 6 days. 
4.2.2 Pathogen maintenance, zoospore production and plant inoculation 
 
An isolate of Phytophthora cinnamomi (isolate DU67, A2 mating type, Deakin University 
culture collection) was used for inoculation of L. longifolia roots. The isolate was grown on 
10% CV8 agar plates at 24°C in the dark and subcultured every 10 days. Pathogen virulence 
was maintained and confirmed by inoculating the isolate onto roots of the susceptible species, 
Lupinus angustifolius, every 12 - 16 weeks. Zoospores of P. cinnamomi were produced 
according to the method described by Allardyce (Allardyce 2011) and the resulting zoospore 
suspension was adjusted to a density of 1 × 105 spores mL-1 with sdH20 prior to use as 
inoculum.  
For root inoculation with zoospores 2.5-month-old plants were removed from the growth 
cabinet to a bench within a dimly lit room where roots were exposed by removing one side of 
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the vertical holding tray. All inoculations were carried out at the same time of day by placing 
four 20 µL droplets of zoospores suspension 2-3 mm apart sequentially along each root 
commencing at 5 mm from the root tip. Control plants were mock inoculated in the same way 
using sdH2O alone. After inoculation, trays containing the inoculated roots were left horizontal 
for 1 hr to enable zoospore encystment and adhesion to the roots.  Finally, the vertical tray was 
carefully clipped back together, returned to the SPS box and placed back into the growth 
cabinet. At 0, 6 and 24 hours post inoculation (hpi), 15 roots from at least 10 different plants 
were severed just above the most proximal inoculation point for each sample. The harvested 
roots of each replicate were transferred to a 2.0 mL microfuge tube and immediately dipped in 
liquid nitrogen. The samples were stored at -80°C until used for RNA extraction.   
4.2.3 Confirmation of inoculation and infection 
 
To confirm the presence of pathogen inside the root tissue, inoculated roots were sectioned at 
6 hpi, 12 hpi and 24 hpi. The root sections were plated onto Phytophthora-selective medium 
(PARPH) plates (Allardyce 2011). Growth of P. cinnamomi hyphae was observed on plates to 
confirm the presence of the pathogen inside roots. Root lesions were monitored at each 
harvesting time point until 5 days after inoculation (Appendix 4-1). 
4.2.4 Total RNA extraction from roots 
 
For total RNA extraction, roots that had been stored at -80°C were immediately ground under 
liquid nitrogen using a mortar and pestle. Approximately 100 mg of powdered tissue was then 
used for total RNA extraction using a commercial kit (RNeasy Plant Mini Kit, Qiagen, 
Valencia, CA) following the manufacturer’s instructions. RNA concentration and integrity was 
then determined using spectrophotometry (NanoDrop ND-1000 spectrophotometer) with 
absorbance ratio of A260/280 nm and A260/230 nm and 1% TAE agarose gels. RNA integrity 
was also confirmed with Agilent Technologies 2100 Bioanalyzer (Agilent Technologies, Santa 
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Clara, CA). Only RNA samples with a 260/280 nm ratio between 2.0 and 2.1 and RNA 
integrity number (RIN) greater than 8 (Sigurgeirsson et al. 2014) were used for further analysis. 
4.2.5 RNA-Sequencing and de novo assembly 
 
The library construction and sequencing was performed by a commercial company (Macrogen 
Inc, (Geumcheon-qu, Seoul, Republic of Korea). DNA libraries were constructed from total 
RNA of control and inoculated samples using the TruSeq RNA Sample Preparation Kit 
according to the manufacturer’s instructions (Illumina® sequencing, Illumina, Inc., San Diego, 
CA). The library was sequenced using the Illumina HiSeq 2500 platform in a pair-end 126 bp 
run. Raw reads generated from the control and inoculated L. longifolia roots were submitted to 
NCBI under BioProject ID PRJNA326999 and Sequence Read Archives (SRA), accession no 
SRA438430.  
The sequencer-generated raw reads were pre-processed and assembled using CLC Genomics 
Workbench (version 8.5.1, CLC Bio, Arhus, Denmark). During pre-processing of RNA-Seq 
data, adapter sequences, reads with >10% of unknown bases, low quality reads (sequences with 
more than 50% bases with quality value ≤ 5) and ambiguous bases were removed to obtain 
high quality reads for further analysis. High quality reads were assembled to generate contigs 
and the following parameters were considered to analyse the generated assemblies:  the average 
length, the N50 value and the content of GC. 
4.2.6 Functional annotation and classification 
 
The Blast2go (B2G) program plugged into CLC Genomics Workbench was used to assign the 
contigs to a predicted functional description (Conesa et al. 2005). To find protein homologies, 
assembled contigs were annotated by query in NCBI against the non-redundant protein 
database (NR, NCBI) using BLASTx searches (E-value cut-off of 10-5). The homologous 
proteins were further mapped, annotated and Gene Ontology (GO) ID retrieved using B2G. 
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Moreover, the B2G program was employed to perform GO functional classification into 
biological process, molecular functions and cellular components of the annotated contigs to 
obtain the gene function distribution at a macro level. Further, the B2G program was also used 
for Kyoto Encyclopaedia of Genes and Genomes (KEGG) annotations for the queried 
sequences by searching against the KEGG database (http://www.genome.jp/kegg). In 
addition, the contigs were also searched against the Cluster of Orthologous Groups (COG) 
database (http://www.ncbi.nlm.nih.gov/COG) to predict orthologous gene products and to 
classify possible function at a cut off e-value of 1e-10.  
4.2.7 Differential gene expression analysis 
 
Differential expression analysis of contigs was performed according to Chand et al. (Chand et 
al. 2016) with modifications. Briefly, the raw reads of pathogen inoculated and respective 
control sample was mapped to the respective contigs obtained in the de novo transcriptome 
assembly using CLC Genomics Workbench platform. The following parameters: minimum 
number of reads 10, maximum number of mismatches 2, insertion cost 2, deletion cost 2, 
unique mapping to single location and similarity of 90% were considered during RNA-seq read 
mapping. Then, the expression data was normalized by calculating the Reads Per Kilobase per 
Million (RPKM) for each contig. Additionally, proportion-based statistical analysis (Kal’s Z 
test) available in CLC Genomics Workbench was selected to determine the differentially 
expressed genes (DEGs). The genes were considered to be differentially expressed when the 
false discovery rate (FDR) < 0.05, P < 0.005 and ≥ 1.45 fold change for the gene in the 
inoculated sample compared with the uninoculated control.  
4.2.8 Validation of Transcriptome data by Real-time reverse transcriptase PCR 
Quantitative real time PCR (RT-qPCR) was performed to confirm the RNA-seq results. A 
Tetro cDNA synthesis kit (Bioline) was used to synthesise cDNA according to the 
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manufacturer’s instructions from the isolated RNA samples that were used for Illumina 
sequencing. Ten upregulated genes were selected for this analysis and primers were designed 
based on sequence using primer3plus interface (http://www.bioinformatics.nl/cgi-
bin/primer3plus/primer3plus.cgi) (Appendix 5-4). Primer specificity and melting temperature 
were checked first by performing a conventional PCR and the PCR products were run on a 1% 
agarose gel in 0.5 × TBE. Actin was selected to use as the internal reference on the basis of 
expression level in transcriptome data and semi-quantitative PCR. The qPCR was implemented 
using Rotor-Gene Syber Green PCR Master Mix on a Rotor-Gene 3000 (Qiagen Pty Ltd. 
Doncaster, Victoria, Australia). Serial dilutions of each sample were made and a calibration 
curve was prepared for each gene to verify the amplification efficiency. The following thermal 
cycles were followed for each gene: denaturation step at 95°C for 15 min followed by 40 cycles 
of denaturation at 95°C for 40 sec, annealing temperature for 30 sec and 72°C for 30 sec, a 
melt (60-92°C) cycle was also performed with each unit of temperature held for 30 sec 
(Lovelock et al. 2013). Three independent biological replicates were analysed for each target 
gene. Each reaction was run in triplicate and the relative expression value for each target gene 
was calculated against the reference gene (Actin) using the following equation according to 
Livak and Schmittgen (Livak and Schmittgen 2001):  ΔΔCT = (CT, Target – CT, Actin) Time 
X- (CT, Target – CT, Actin) Time 0.  
4.3  Results 
4.3.1 RNA-sequencing, quality assessment and de novo assembly summery 
 
To construct an overview of the L. longifolia transcriptome in response to root infection by P. 
cinnamomi, mock inoculated control roots and P. cinnamomi inoculated roots were harvested 
at 0, 6 and 24 hpi. At each time point three biological replicates were used for RNA isolation. 
The TruSeq RNA sample preparation v2 guide   (Illumina) was used to construct 18 individual 
libraries and each library was sequenced following the HiSeq 2500 system user guide. A total 
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of 559.75 million raw reads with a length of 126 bp were generated and an overview of the 
primary data of the RNA-seq experiment is presented in Table 4-1. After quality control 
through CLC Genomics Workbench, clean reads were obtained from 0, 6, 24 hpi control and 
inoculated samples (Table 4-1). 
The high quality reads of each control and inoculated sample were assigned in de novo 
assembly and resulted in 65052, 62569, 66887 and 56087, 72709, 73559 contigs for 0, 6, 24 
hpi control and inoculated samples, respectively (Appendix 5-1). This Transcriptome Shotgun 
Assembly project has been deposited at DDBJ/ENA/GenBank under the accession 
GFBB00000000. The version described in this paper is the first version, GFBB01000000.  
Table 4-1: Summary of RNAseq data for control and P. cinnamomi inoculated L. longifolia 
roots 
All values are average of three replicates used for each control and inoculated sample 
 
 
 0 hpi 6 hpi 24 hpi 
Control Inoculated Control Inoculated Control Inoculated 
Raw 
Reads 
30,665,570 27,732,644 29,136,719 32,384,065 32,128,945 34,538,049 
Total 
read 
bases 
(bp) 
3,863,861,820 3,494,313,144 
 
3,671,226,552 
 
4,080,392,232 
 
4,048,247,112 
 
4,351,794,132 
 
Read 
length 
126 126 126 126 126 126 
Clean 
reads 
30,633,370 27,699,772 
 
28,730,237 
 
34,350,535 
 
32,093,059 
 
31,835,751 
 
Q20 93.00 93.00 93.00 93.00 93.00 93.00 
Q30 88.00 88.00 88.00 87.00 87.00 87.00 
%GC 47.00 47.00 46.00 47.00 45.00 47.00 
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4.3.2 Functional annotation of L. longifolia contigs 
 
To find the homolog sequences of L. longifolia transcripts, 67,908 contig sequences were 
searched against the NCBI non redundant (NR) protein database using BLASTx with a cut-off 
E-value of 10-5 by B2G program. From the 67,908 contigs 32,578 contigs showed homology 
to known gene sequences and the rest (35,330 contigs) did not show any homology in the NCBI 
database. From the Blast searches, Elaeis guineensis (oil palm) was the most frequent species 
in the blast hits with 6534 contigs (20.08% of total contigs) followed by Phoenix dactylifera 
(date palm) with 5604 contigs (17.20%),  Musa acuminate sub species malaccensis (banana) 
with 2640 contigs (8.10%) and Nelumba nucifera (Indian lotus) with 736 contigs (2.25%) 
(Figure 4-1).  
 
Figure 4-1: Species distribution of contig sequences. The greatest number of L. longifolia 
sequences showed homology to Elaeis guineensis. 
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4.3.3 Functional classification of L. longifolia transcriptome 
 
At 6 hpi, 14,423 DEGs were identified out of which 6,236 genes were significantly up-
regulated and 8,187 genes were down-regulated between the control and the infected samples. 
There were inconsistent fold changes between the replicates of individual DEGs at 24 hpi. The 
previous study using the resistant monocot model, Zea mays, infected with P. cinnamomi 
showed that a far greater number of resistance-related genes were upregulated at 6 hpi 
compared with 24 hpi (Allardyce et al. 2013). Therefore, the analysis of this study focused on 
up-regulated DEGs at 6 hpi and we selected 1961 contigs for further functional analysis and 
assignment of a GO number and enzyme code. The selected contigs were assigned into 
significant annotations during GO term enrichment analysis and classified under biological 
process, molecular function and cellular component categories. Within the biological process 
category, GO terms ‘biosynthetic process’, ‘cellular protein modification process’, ‘cellular 
component organization’ and ‘response to stress’ were the mostly highly represented groups. 
For molecular function, GO terms ‘nucleotide activity’, ‘hydrolase activity’, ‘catalytic 
activity’, ‘protein binding’ and ‘transferase activity’ were more dominant. Similarly, ‘plastid’, 
‘membrane’, ‘mitochondria’ and ‘nucleus’ GO terms were highly enriched in the cellular 
component category (Figure 4-2).  
129 
 
 
Figure 4-2: Gene ontology (GO) classification of the L. longifolia transcriptome for roots 
infected with P. cinnamomi at 6 hpi. GO term assignments to L. longifolia contigs based on 
hits to plant species against the NR database.  
4.3.4 COG and KEGG Pathway analysis 
 
The selected contigs were searched against the Cluster of Orthologous Groups (COG) database 
and the analysis generated 22 different COG classification categories (Figure 4-3). The cluster 
of ‘function unknown’ represented the largest group (584, 29.78%), followed by ‘signal 
transduction mechanism’ (190, 9.69%), ‘post-translational modification, protein turn over, 
chaperones’ (149, 7.60%), ‘carbohydrate transport, metabolism’ (127, 6.48%) and 
‘transcription’ (91, 4.64 %). The categories of ‘nuclear structure’, ‘RNA processing and 
modification’, ‘chromatin structure and dynamics’ were the minor group in the COG 
annotation analysis with 1, 7 and 7 contigs, respectively.  Additionally, ‘secondary metabolite 
biosynthesis, transport, catabolism’ was represented by 60 contigs and ‘defence mechanisms’ 
was represented by 47 contigs and these two categories indicated that several conserved 
proteins were associated with secondary metabolite production and that defence pathways were 
induced in L. longifolia roots in response to P. cinnamomi. 
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The KEGG pathways analysis assigned 1961 contigs into 25 different categories of importance 
and ‘biosynthesis of antibiotics’ (113 contigs, 5.76% of total contigs, Pathway ID: KO01130) 
was the highly enriched group (Figure 4-4). Moreover, ‘purine metabolism’ (65, KO00230), 
‘starch and sucrose metabolism’ (61, KO00500), ‘phenylpropanoid biosynthesis’ (47, 
KO00940), ‘amino sugar and nucleotide sugar metabolism’ (43, KO00520) and ‘pyrimidine 
metabolism’ (33, KO00240) were highly represented groups in the dataset. These results point 
to the activation of metabolic pathways related to the synthesis of specific host metabolites 
including those derived from the phenylpropanoid pathway that lead to lignin or other defence 
related compounds in L. longifolia roots during attack by P. cinnamomi. In addition, 15 contigs 
were associated with ‘flavonoid biosynthesis’ (KO00941) and 9 contigs were associated with 
‘terpenoid backbone biosynthesis’ (KO00900) suggesting that flavonoids and terpenoids were 
also produced in L. longifolia roots in association with defence against P. cinnamomi.  
 
Figure 4-3: Clusters of Orthologous Groups (COG) functional distribution of L. longifolia 
transcriptome from roots infected with P. cinnamomi. 1961 contigs were assigned in the COG 
classification and were grouped into 22 COG categories. 
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Figure 4-4: KEGG pathway classification L. longifolia transcriptome infected with P. 
cinnamomi. 1961 contigs were assigned in KEGG analysis and were presented here 25 
categories. 
 
4.3.5 L. longifolia genes involved in the plant defence network 
 
The transcriptome of L. longifolia roots that had been infected by P. cinnamomi encoded 
several proteins that have been previously described as being associated with plant defence 
networks in other plant-pathogen interactions. Among the transcripts, Glutathione s-
transferase (GST) had the highest transcript abundance (Contig_254, up-regulated 274.00 fold) 
followed by a Subtilisin-like protease (Contig_2002, 12.00 fold) and 2-alkenal reductase 
(Contig_13320, 10.53 fold) (Table 4-2).  Two callose synthase genes (Callose synthase 7, 9.1 
fold and Callose synthase 5, 4.00 fold), several lignin biosynthetic genes including chalcone 
synthase (Contig_438, 6.32 fold) and some plant defence signalling genes including Mitogen 
activated protein kinase 15 (Contig_4903, 6.83 fold) were found to be significantly expressed 
in the L. longifolia transcriptome of infected roots. Moreover, two pathogenesis-related (PR) 
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genes including the oomycete responsive PR-5 (Contig_6267, 1.48 fold) and PR protein 
turnover responsive gene Aspartic proteinase a1 like protein (Contig_149, 9.28 fold) which 
were induced in response to pathogen attack. In addition, five receptor-like protein genes 
including a glutamate receptor gene (Contig_2569, 4.64 fold) and LecRK (Contig_4641, 1.52 
fold) were up-regulated in L. longifolia roots following infection.  Several other stress 
responsive genes, for example, the gene encoding a glutaredoxin family protein 
(Contig_38282, 8.52 fold) and one encoding a putative germin-like protein (Contig_2610, 4.64 
fold) also showed significantly higher up-regulation in the dataset.    
Table 4-2: Plant defence network associated genes induced in roots of L. longifolia in response 
to infection by P. cinnamomi 
Contig ID Putative gene (BlastX) Related taxon E-value Fold 
change at 
6 hpi 
Contig_254 Glutathione s-
transferase 
Matricaria chamomilla 1.67E-5 274.00 
Contig_2002 Subtilisin-like 
protease 
Phoenix dactylifera 6.94E-9 12.00 
Contig_13320 2-alkenal reductase-
like 
Fragaria vesca subsp. 
vesca 
5.14E-15 10.53 
Contig_25593 NBS-LRR-like protein Panicum vargatum 8.94E-14 9.32 
Contig_11336 Callose synthase 7 Elaeis guineensis 0.0 9.10 
Contig_149 Aspartic proteinases 
a1-like  
Phoenix dactylifera 0.0 9.28 
Contig_3189 Calmodulin binding-
family protein 
Populus trichocarpa 4.53E-166 8.83 
Contig_38282 Glutaredoxin family 
protein 
Theobroma cacao 1.41E-30 8.52 
Contig_4908 Mitogen activated 
protein kinase 15-like 
Elaeis guineensis 0.0 6.83 
Contig_2541 ABC transporter 
family member 20 
Elaeis guineensis 0.0 6.42 
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Contig_2202 Elongation factor 2 Musa acuminata subsp 
malaccensis 
0.0 5.73 
Contig_6012 Peroxidase 1-like Elaeis guineensis 2.73E-19 5.43 
Contig_4800 Serine threonine 
protein kinase 
Cocos nucifera 0.0 4.98 
Contig_2569 Glutamate receptor-
like 
Elaeis guineensis  7.97E-132 4.64 
Contig_2610 Putative germin like 
protein 2-1 
Phoenix dactylifera 1.4E-29 4.64 
Contig_4367 Shikimate O-
hydroxycinnamyltrans
ferase-like 
Phoenix dactylifera 6.38E-26 4.44 
Contig_3180 Putative E3 ubiquitin-
protein ligase 
Vitis vinifera 0.0 4.25 
Contig_57681 Callose synthase-5 Elaeis guineensis 0.0 4.00 
Contig_428 Calcium dependent 
protein kinase SK5-
like 
Elaeis guineensis 0.0 3.87 
Contig_3766 Putative leucine-rich-
repeat-containing 
protein 
Musa acuminata subsp 
malaccensis  
1.56E-133 3.81 
Contig_2050 Serine 
carboxypeptidase 1-
like 
Phoenix dactylifera 0.0 3.65 
Contig_5405 Putative receptor 
protein kinase 1 
Elaeis guineensis 8E-145 3.55 
Contig_250 Cysteine proteases Solanum habrochaites 3.1E-20 3.44 
Contig_39318 CC-NBS-LRR disease 
resistant protein 
Musa balbisiana 5.43E-14 3.10 
Contig_4711 Expansin-A8-like Nelumbo nucifera 5.89E-137 2.83 
Contig_393 Chitinase-1 like 
protein 
Phoenix dactylifera 7.58E-178 2.19 
Contig_1022 Mitogen-activated 
protein kinase 9-like 
Glycine max 0.0 2.04 
Contig_3149 Adenosylhomocystein
ase 
Arabidopsis thaliana 1.72E-52 1.90 
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Contig_855 Ascorbate peroxidase Elaeis guineensis 5.66E-88 1.85 
Contig_5880 LRR receptor-like 
serine/threonine 
protein kinase 
Elaeis guineensis 3.65E-30 1.59 
Contig_2405 MATH domain-
containing protein 
Phoenix dactylifera 1.2E-7 1.56 
Contig_4641 Putative L-type lectin-
domain containing 
receptor kinase 
(LecRK) 
Phoenix dactylifera 7.44E-54 1.52 
Contig_6267 Thaumatin like 
protein (PR-5) 
Nelumbo nucifera 5.59E-98 1.48 
Contig_83 Serine 
hydroxymethyltransfer
ase 
Nelumbo nucifera 0.0 1.45 
                                                                                                                                                                                                                                                                                                                                  
4.3.6 L. longifolia genes involved in plant hormone biosynthesis and signalling  
 
Phytohormones are well known for their involvement in the innate immune responses of plants 
that are invoked upon pathogen attack. During these responses hormones such jasmonic acid 
(JA), salicylic acid (SA), abscisic acid (ABA) and ethylene (ET) may act as a signals to active 
a diverse array of defence responses (Yang et al. 2013).  The current L. longifolia transcriptome 
study has identified that the expression of a number of plant hormone biosynthesis and plant 
hormone signalling-related genes was upregulated in infected compared with non-infected 
control roots (Table 4-3). Detailed analysis shows that the expression of three hormone 
biosynthesis or signalling-related genes were upregulated more than 20.00 fold: a cytochrome 
P450-like (Contig_25514, 37.75 fold increase), an F-box protein-like (Contig_15766, 23.00 
fold) and a JA specific signalling pathway gene, KH domain containing protein-like 
(Contig_13026, 23.00 fold).  Three genes involved in JA biosynthesis were also found to be 
upregulated including the gene encoding a putative 12-oxophytodienoate reductase 5 
(Contig_11284, 11.40 fold). Moreover, an SA dependent signalling pathway gene, 
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pathogenesis related protein-1 (PR1) (Contig_566, upregulated 2.53 fold) was identified in the 
L. longifolia transcriptome. The induced expression of an ABA receptor gene, protein 
phosphatase 2C (Contig_62905, 1.88 fold) was also found in the transcriptome dataset.  
 
Table 4-3: Plant hormone biosynthesis and signalling genes induced in L. longifolia in response 
to P. cinnamomi 
Contig ID Putative gene (BlastX) Related taxon E-value Fold 
change at 
6 hpi 
Contig_25514 Cytochrome P450-like  Elaeis guineensis 1.86E-20 37.75 
Contig_13026 KH domain 
containing protein-
like 
Elaeis guineensis  2.76E-97 23.00 
Contig_15766 F-box protein-like Elaeis guineensis 4.86E-101 23.00 
Contig_11284 Putative 12-
oxophytodienoate  
reductase 5 
Elaeis guineensis 2E-56 11.40 
Contig_58578 NADPH 
oxidoreductase 
Nelumbo nucifera 3.51E-38 6.87 
Contig_30984 Lipoxygenase 5 
(LOX5) 
Elaeis guineensis 1.66E-54 5.04 
Contig_3180 Putative E3 ubiquitin-
protein ligase 
Vitis vinifera 0.0 4.25 
Contig_28072 Patatin-like protein 3 Elaeis guineensis 1.36E-12 2.80 
Contig_566 Pathogenesis related 
protein 1-like (PR1) 
Oryza brachyantha 1.4E-19 2.53 
 
4.3.7 Genes associated with secondary metabolism  
 
Plants produce a diverse range of natural products or secondary metabolites for example, 
terpenoids and phenylpropanoids, for protection against attack by a variety of pathogens (Zhou 
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and Memelink 2016). In the present study, plant metabolic reaction associated genes such as 
aldo-keto reductase 1 (Contig_2140, upregulated 36.81 fold), cinnamyl alcohol dehydrogenase 
1 (Contig_3211, 21.00 fold) and a clavaminate synthase-like gene (Contig_4408, 13.84 fold) 
were found to have heightened expression in L. longifolia roots in response to P. cinnamomi 
infection (Appendix 5-2). In addition, several genes associated with flavonoid biosynthesis 
were also upregulated including a UDP-glycosyltransferase 88A1-like gene (Contig_23049, 
10.67 fold), chalcone synthase (Contig_438, 6.32 fold), Caffeic acid 3-O-methyltransferase 
(Contig_1637, 2.75 fold) and Phenylalanine ammonia lyase (Contig_227, 1.67 fold) also 
exhibited higher transcript abundance. Furthermore, the terpenoid synthase associated genes 
ent-copalyl diphosphate synthase (Contig_19204, 3.39 fold) and terpene synthase-10-like were 
also upregulated in the 6 h transcriptome dataset. 
4.3.8 Candidate transcription factor genes expressed in infected roots of L. longifolia  
 
Transcription factors (TFs) are co-regulatory proteins associated with diverse transcriptional 
complexes in transcriptional reprogramming which is a vital component of plant immunity 
(Tsuda and Somssich 2015). In the current study, we identified several resistance-related 
transcription factors which belong to the ARF, WRKY, bZIP, MYB, NAC and zinc finger 
families (Appendix 5-3).  Among them, an auxin response factor 19-like gene (Contig_2864, 
upregulated 14.94 fold) was highly expressed following root inoculation as was a RING finger 
and CHY zinc finger domain containing protein 1 gene (Contig_20285, 17.25 fold) and a gene 
encoding a bZIP protein (Contig_5165, 7.29 fold). Moreover, several WRKY transcription 
factors including the gene encoding putative WRKY transcription factor 65 (Contig_48283, 
3.89 fold), transcription factor bHLH68-like (Contig_7210, 7.00 fold) and a FAR1-related 
sequence (Contig_24198, 6.00 fold) all showed high induction in infected roots compared with 
controls in the L. longifolia transcriptome. Several other TF genes that showed enhanced 
expression following inoculation include Ethylene-responsive transcription factor 1-like 
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(Contig_315, 4.17 fold), MADS-box transcription factor 23-like (Contig_15691, 4.10 fold), 
Myb-related protein 308-like (Contig_20784, 2.00 fold) and Transcription factor Hy5-like 
(Contig_7025, 1.76 fold). 
4.3.9 Validation of RNA-seq gene expression using qRT-PCR 
 
The fold changes of L. longifolia contigs calculated from the RNA-seq data were validated 
through qRT-PCR. We selected a subset of 10 differentially expressed genes based on their 
high expression levels as determined in the RNASeq analysis at both 6 hpi and 24 hpi compared 
to their respective control (Figure 4-5).  Comparison of the expression levels of the selected 
genes in infected roots with that in control samples determined by RNASeq with that found 
using qRT-PCR showed good correlation at both 6 and 24hpi.  
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Figure 4-5: qRT-PCR validation of pathogen induced fold changes of L. longifolia indicated 
contigs detected by RNA-seq. Data are the mean of two independent experiment, each consists 
of three biological replicates and bar represent one s.e.m. *, significant different between 
control and inoculated samples at P-0.05 according to Duncan’s multiple range test.  
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4.4 Discussion 
 
The central aim of this investigation was to gain further insight into the underlying mechanisms 
that are associated with resistance to the root pathogen, P. cinnamomi, in the Australian native 
species, L. longifolia. This study has successfully analysed, using a strand specific Illumina 
RNA-Seq approach, the transcriptome of infected L. longifolia roots compared with their 
respective uninfected controls and sampled at early, critical time points following inoculation. 
Phytophthora cinnamomi, is able to penetrate root cells within 1 h following zoospore 
inoculation which is quite different in timing to many other root and leaf pathogens. If plants 
do not have the capacity to mount a rapid defence response, roots become quickly colonised 
by hyphae, large numbers of cells are killed and the roots become necrotic and essentially non-
functional, leading to plant death (Allardyce et al. 2013). When the pathogen is contained 
within a small region of the root by the induction of resistance such as is the case for L. 
longifolia, the responses to pathogen ingress are rapid, multifactorial and ultimately lead to 
survival of the host plant (Islam et al. 2017).  Following sequencing, this study compared in 
detail the transcriptome of roots of infected plants at 6 hpi with their respective controls. Pair-
end (PE) read sequencing using the Illumina platform increases read length as well as the read 
count and these features are effective for efficient de novo assembly (Hodkinson and Grice 
2015). In the current study, 30 million clean reads were obtained around for each sample after 
filtration for ambiguous nucleotides, low quality bases, platform specific PCR primers and 
adaptors. The average GC content for each sample was 46.5% which indicated that the L. 
longifolia transcriptome data had a high AT content that was comparable to, and in 
concordance with, other non-model plant transcriptomes that have been published (for example 
by Annadurai et al. (Annadurai et al. 2013) and Chand et al. (Chand et al. 2016)). De novo 
assembled contigs of L. longifolia were searched using NCBI and 46.73 % of the contigs 
showed significant homology with non-redundant known protein databases. The number of 
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contigs identified in this study that showed blast hits aligned closely with recent published 
reports (Chand et al. 2016; Sheeja et al. 2015). 
The GO analysis of upregulated transcripts that classified them into different functional 
categories demonstrated that these transcripts are important components of many incompatible 
plant-pathogen interactions. For example, within the molecular function hydrolase activity GO 
term is included genes that are involved in the synthesis of enzymes that degrade cellulose cell 
walls of the pathogen (Serrazina et al. 2015) indicating that L. longifolia actively employed 
these enzymes to directly attack P. cinnamomi hyphae to limit infection. Moreover, pathway 
annotation against KEGG databases revealed L. longifolia transcripts that are involved in the 
biosynthesis of antibiotics and phenylpropanoides in response to P. cinnamomi colonisation. 
Plants use such antibiotic molecules as phytoalexins and phytoanticipins to arrest pathogen 
growth at the infection site (González-Lamothe et al. 2009). The data of this study now suggest 
the involvement of phytoalexins and phytoanticipins in L. longifolia resistance to P. 
cinnamomi. COG functional annotations of L. longifolia transcripts showed that the function 
of the majority of L. longifolia transcripts induced during infection are unknown. However, a 
large number of transcripts were distributed across signal transduction mechanism, 
transcription, secondary metabolism biosynthesis and defence mechanism groups. This 
functional distribution is similar to other transcriptome studies of incompatible plant-pathogen 
interactions (Li et al. 2012; Zhang et al. 2013c). Overall, the pathway enrichment analysis 
using selected upregulated transcripts revealed that L. longifolia induced several gene network 
pathways that underpin important aspects of the biological activities that afford resistance to 
P. cinnamomi.  
Plants use innate immune responses to survive in an environment where they are under the 
continual threat of pathogen attack. PAMP-triggered immunity (PTI) is the first layer of this 
immune response. In PTI, plants evolved pattern recognition receptors (PRR) to detect 
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potential pathogenic microbes and, subsequent to infection induce defence mechanisms. Plant 
receptor like kinases (RLKs) and receptor-like proteins (RLPs) play roles as PRR in the 
adaptation to pathogens (Li et al. 2016). In the L. longifolia transcriptome, genes that encoded 
RLPs or RLKs including those designated as L-type lectin receptor kinases (LecRKs) were 
found to be upregulated in response to infection by P. cinnamomi. Several studies have reported 
a role of Arabidopsis LecRKs in resistance to different Phytophthora pathogens. For example, 
expression of one Arabidopsis LecRK family member, LecRK-1.9, in potato was associated 
with increased resistance to P. infestans (Bouwmeester et al. 2014). Moreover, knockout 
mutants of RLP30 in Arabidopsis thaliana showed susceptibility to two necrotrophic pathogens 
indicating the importance of RLPs in resistance to pathogens (Zhang et al. 2013a). However, 
the induction of RLPs and RLKs suggest that L. longifolia employed a large number of 
receptors to respond to P. cinnamomi invasion and likely via perception of elicitor virulence 
factors (Tör et al. 2009). Upon recognition of pathogens by PRRs, plants trigger diverse 
responses that are linked to defence such as production of reactive oxygen species (ROS), rapid 
activation of MPKs, up regulation of defence gene expression including those genes that 
encode pathogenesis-related (PR) proteins and genes that encode critical resistance-related 
metabolic pathways that lead, for example, to the accumulation of the cell wall reinforcement 
components, callose and lignin (Li et al. 2016). In the L. longifolia transcriptome a number of 
these defence-related genes or genes whose products are involved in the synthesis of defence 
related compounds were upregulated strongly suggesting that PTI induction is necessary for 
resistance in this host-pathogen interaction. 
To suppress PTI, successful pathogens secrete effectors and subsequently plants may induce a 
further layer of resistance to pathogen attack inside the targeted cell using nucleotide binding 
(NB) and leucine rich repeat (LRR) domain containing proteins encoded by R-genes. The main 
reaction that is characteristic of this layer of resistance is the hypersensitive response (HR) 
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which is characterized by the production of ROS that leads to localized cell death and inhibition 
of pathogen growth (Jones and Dangl 2006). The up-regulation of a CC-NBS-LRR like disease 
resistance protein in L. longifolia indicates the induction of this layer of resistance against P. 
cinnamomi. The recent study has shown that the production of hydrogen peroxide by L. 
longifolia roots is strongly linked to resistance following infection with P. cinnamomi (Islam 
et al. 2017).  Correlated with this finding in the present study was the up-regulation in 
expression of the gene that encodes glutathione S-transferase, a protein that is involved in 
protection against oxidative stress (Sappl et al. 2009). 
Phytohormones play a regulatory role in the plant defence signalling network and are important 
also for plant responses to a variety of pathogen-induced stresses (Bari and Jones 2009). 
Among the phytohormones, jasmonic acid (JA) regulated pathways are important in defence 
to necrotrophic pathogens (Antico et al. 2012). The synthesis of JA starts from linolenic acid 
generated from galactolipids. At first, the LOX enzyme is used to covert linolenic acid to 13-
hydroperoxy-linolenic acid which is then converted via AOS to the unstable 12,13-epoxy-
linolenic acid which immediately isomerises to 12-oxo-phytodienoic acid (12-oxo-PDA). Then 
the enzyme 12-oxophytodienoate reductase converts the final step from 12-oxo-PDA to JA 
(Figure 4-6) (Méndez-Bravo et al. 2011; Wasternack and Hause 2013). The current study has 
shown high expression of the jasmonic acid (JA) biosynthesis pathway genes, putative 12-
oxophytodienoate reductase 5, LOX5 and AOS. Moreover, cytochrome P450 is involved in 
hormonal metabolism and recently two members of this family of enzymes have been shown 
to be involved in a pathogen-induced JA metabolic pathway (Aubert et al. 2015). The 
Arabidopsis KH domain containing protein is also involved in the JA signalling pathway 
(Thatcher et al. 2015). Also, F-box proteins act as regulators of hormonal pathways and their 
well characterized member, COI1, is a JA receptor (Yu et al. 2007). Moreover, protein 
phosphatase 2C operates to control abscisic acid (ABA) signalling pathways (Fuchs et al. 
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2013). Further, the up-regulation of L. longifolia genes encoding JA biosynthetic enzymes and 
signalling proteins suggests that JA is active against P. cinnamomi in this host species. 
Additionally, the induction of ABA signalling genes as well as those related to JA biosynthesis 
likely means that there is cross talk between JA and ABA signalling pathways during resistance 
initiation in L. longifolia. Plants synthesize a wide range of secondary metabolites that are 
active against a variety of plant pathogens. These compounds act as antimicrobial agents and 
are either constitutively produced (phytoanticipins) or pathogen- or stress-induced compounds 
(phytoalexins) (Du Fall and Solomon 2011). Plant aldo-keto reductase superfamily proteins 
are involved in metabolic reactions that lead to synthesis of secondary metabolites (Sengupta 
et al. 2015).  Moreover, specifically a clavaminate synthase-like protein is associated with 
clavulanic acid which is an antibiotic with well-known activity against bacteria and fungi (Rech 
et al. 2012). The induction of aldo-keto reductase 1 and clavaminate synthase-like protein in 
L. longifolia indicate the possible contribution of anti-pathogenic metabolites in resistance. 
An2 encodes ent-copalyl diphosphate synthase and is the first enzyme that leads to the 
synthesis of the phytoalexin, kauralexins, which have direct antifungal activities in Zea mays 
against a number of fungal pathogens (Schmelz et al. 2011). Expression of this gene was also 
shown to be upregulated at an early time point following infection of roots of Z. mays with P. 
cinnamomi (Allardyce et al. 2013). The present study found that the expression of An2 is highly 
upregulated and confirms that kauralexins may be involved in resistance of L. longifolia to P. 
cinnamomi, although this need to be confirmed experimentally. However, in general, induction 
of genes related to secondary metabolite biosynthesis revealed that L. longifolia may use 
multiple metabolites to suppress infection by P. cinnamomi. 
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Figure 4-6: Representation of JA-biosynthetic pathway and induction of L. longifolia genes 
found in current study. JA is synthesized from linolenic acid and the following enzymes are 
involved in the process: lipoxygenases (LOX), allene oxidase synthases (AOS) and 12-oxo-
phytodienoic acid (OPDA) reductase. JA convert jasmonates (JAs) such as isolecucine (Ile) 
produced by jasmonate resistant1 (JAR1). The JA signal (JA-Ile) is recognized by F-box 
protein (COI1) which activate signal transduction pathway through Jasmonate-Zim-Domain 
(JAZ) receptors in transcriptional activation of JA-responsive genes (Mendez-Bravo et al. 
2011; Wasternack and Hause 2013). The JA-pathway and responsive genes are highlighted in 
grey box and the fold changes were mentioned in the box. 
 
Plants develop rapid transcriptional reprograming via a large number of transcription factors 
(TFs) during the plant immune response to pathogen attack (Moore et al. 2011). The L. 
longifolia root transcriptome expression data showed several TFs to be involved in the 
resistance response such as ARF, WRKY, MYB, bZIP, MADS-box and NAC all of which have 
been previously shown to be associated with plant defence (Tsuda and Somssich 2015). A zinc 
finger protein (ZFP) gene from the RING finger family was shown to be induced in rice in 
response to Magnaporthe oryzae (Li et al. 2014). Likewise, several ARF genes were 
differentially expressed in rice under various biotic stresses (Ghanashyam and Jain 2009). 
Similarly, OsWRKY30 transcripts were accumulated rapidly following treatment with SA and 
JA and its overexpression in rice resulted in increased resistance to sheath blight caused by 
Rhizoctonia solani and blast caused by M. oryzae (Peng et al. 2012). Also, ethylene-responsive 
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transcription factor1 (ERF1) regulates plant resistance via SA, JA and ethylene (ET) pathways 
when overexpressed in Arabidopsis thaliana mutants which showed greater resistance to 
several pathogens including the necrotrophs Botrytis cinerea and Plectosphaerella cucumerina 
(Berrocal-Lobo and Molina 2004). Thus, these studies contribute to the hypothesis that several 
representatives of the TFs family may be involved in the resistance response of roots of L. 
longifolia to P. cinnamomi.  
In the present study, I used Illumina RNA-Seq technology to comprehensively explore the 
transcriptional response that occurred in L. longifolia roots upon inoculation with P. 
cinnamomi. The present study suggests that distinct PRR genes, cell wall reinforcement 
component synthase genes, several kinase genes and a number of pathogen responsive R-genes 
as well as PTI and ETI (Effector-Triggered immunity) signalling pathway genes were 
significantly expressed indicating a specific role for these genes in the L. longifolia-P. 
cinnamomi interaction. Further, this transcriptome data suggests a coordinated activation and 
cross talk between different phytohormones such as SA, JA, ABA and ET mediated signalling 
pathways in this interaction. Moreover, the expression of enzymes from flavonoid and MEP 
pathways and the synthesis of terpenoids, especially kauralexins, also contribute to this 
resistance response. Additionally, several known defence-related transcription factors such as 
WRKY, MYB, bHLH and bZIP were found to be upregulated at an early time point of the 
infection process. This new information will be a valuable resource for further characterization 
of individual resistance-related genes, their role in resistance and functional genomic aspects 
of host resistance against extremely challenging pathogens such as P. cinnamomi.  
The current chapter focused on plant components important for resistance to P. cinnamomi 
from the transcriptome data set. However, it would be interesting to investigate pathogen 
transcriptome proteins more specifically elicitins or elicitin-like proteins in virulence of the 
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pathogen. Therefore, the following chapter examined the association of β-cinnamomin with P. 
cinnamomi virulence and cell wall associated elicitin-like proteins. 
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 Functional analysis of elicitins and elicitin-like proteins in 
Phytophthora cinnamomi 
5.1 Introduction 
 
The genus Phytophthora is an oomycete pathogen and is known to be involved in crop 
production losses as well as causative agent of forest decline and dieback in the world (Cahill 
et al. 2008; Horta et al. 2010; Robin et al. 2012; Burgess et al. 2016). P. cinnamomi is an 
important species of the genus Phytophthora that is responsible for damage to native vegetation 
in Australia for the last 90 years. The native vegetation of all the states in Australia is affected 
by P. cinnamomi. The disease caused by this soil-born pathogen is considered as a major threat 
on natural biodiversity (Hardham 2005; Shearer et al. 2007) and it has several strategies to 
infect large number of hosts (Hardham 2005; Kamoun et al. 2015). Therefore, a better 
understanding of the biology and ecology of P. cinnamomi is crucial for extending current 
management practices of forest ecosystems. In the previous chapter, a transcriptome analysis 
revealed that an elicitin-like gene was found to be associated with Lomandra longifolia root 
infection. This chapter explores elicitins and elicitin-like proteins in P. cinnamomi and their 
role in the infection process. 
Phytophthora spp. release many proteins during the interaction with their hosts during both 
compatible and incompatible interactions (Stassen and Van den Ackerveken 2011). 
Phytophthora elicitins are a major group of small acidic or basic peptides, which are known to 
be released into the host during infection (Oßwald et al. 2014). Elicitins are 10 kDa 
holoproteins, which contain 98 amino acids, three conserved disulphide bonds and have high 
sequence similarity. Elicitins may have a number of functions and they are not only able to 
bind sterols but also transport them between membranes (Hofzumahaus and Schallmey 2013). 
Different elicitins of Phytophthora exhibit similar sterol binding characteristics however, they 
show differences in the kinetics of loading and rates of sterol exchange between liposomes and 
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micelles (Mikes et al. 1998; Vauthrin et al. 1999). In this regard, cryptogein (from P.  crytogea) 
is the most efficient, as compared to parasiticein (from P. parasitica) and capsicein (from P. 
capsici). Cryptogein induces stronger cellular responses than the other two elicitins (Bourque 
et al. 1998) suggesting a relationship between elicitor activities and their sterol loading and 
transferring efficiency (Osman et al. 2001a). Sterols are known to control membrane fluidity 
and permeability in all eukaryotic organisms (Gaulin et al. 2010). 
Almost all Phytophthora species except P. drechsleri (Trigos et al. 2005) do not produce sterol 
and it has been hypothesized that elicitins are secreted by Phytophthora species to act as sterol 
carriers (Weete, 1989). The mechanism of elicitin binding to sterols was described following 
the elucidation of the crystal structures of cryptogein when complexed with dehydroergosterol 
(Boissy et al. 1996). The cryptogein protein is composed of six α-helices, an antiparallel two 
stranded beta-sheet and an ῼ-loop, all linked together with three disulphide bridges. The 
analysis of cryptogein mutant K13H (Lys 13 replaced by His) demonstrated that crytogein has 
a large cavity (elongated tube shape) with one end oriented to the surface of the protein and 
other end points at the polar Tyr47 (-OH group). This hydroxyl group of Tyr47 forms a strong 
hydrogen bond with the 3-β-hydroxyl group of the steroid. The positive charge of lysin at 
position 13 is important for recognition of ergosterol and optimisation of its orientation 
(Demaret et al. 2000; Lascombe et al. 2002). The sterol binding capacity of elicitins have been 
strongly suggested to be effective in inducing biological responses in plants (Kumar et al. 
2013).  Recent review by Derevnina et al. 2016 emphasized elicitins as a plant resistant 
inducing factor and described a cell surface receptor from wild Solanum species that has 
specificity to large range of elicitins. 
Elicitins are encoded by complex gene families and grouped into elicitin (ELI) and elicitin-like 
(ELL) genes in various Phytophthora species. The ELI are defined by sharing a highly 
conserved 98-amino acid domain with six cysteine residues and a typical elicitin type cysteine 
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spacing pattern whereas ELL protein having shorter or longer elicitin domains that have higher 
sequence diversity than elicitins (Jiang et al. 2006; Dalio 2013). Phylogenetic analysis of 
elicitins reproduced seventeen clades; four were ELI clades and the rest thirteen were ELL 
clades. ELI-1 clade is the largest group of elicitins, they are reported to be secreted into liquid 
culture and are involved in inducing the HR in Nicotiana species (Jiang et al. 2006). On the 
other hand, ELL clades are not involved in HR based defence pathways (Qutob et al. 2003). 
However, the biological significance of these elicitin-like proteins are still unknown.  
One of the earliest study on the role of elicitins in plant-pathogen interactions (Ricci et al. 
1992), fifteen P. parasitica isolates that were isolated from N. tabacum and several other hosts 
to test for their ability to cause disease on young N. tabacum seedlings.  Of the P. parasitica 
isolate tested only those isolated from N. tabacum were able to cause black shank disease while 
those isolated from other hosts only caused necrosis on leaves after number of days. This study 
concluded that a lack of parasiticein production by the virulent isolates may have been a  factor 
involved in their specific pathogenicity to N. tabacum. The acidic elicitin infestin 1 (INF1) is 
a well-studied elicitin produced by the late blight disease causing pathogen P. infestans and  
belongs to ELI clade 1. A number of studies reported elicitor activities of INF1 to induce HR 
or HR cell death based defence pathways in Nicotiana species (Kamoun et al. 1998; Sharma et 
al. 2003; Takemoto et al. 2005). However, the inf1 gene was downregulated in early stages of 
the infection of potato by P. infestans . Moreover, silencing of the inf1 gene did not affect the 
ability of the pathogen to infect potato leaves. However, when resistant N. benthamiana leaves 
were inoculated with INF1-deficient mutants the resistance was decreased suggesting that the 
INF1 elicitin might act as an avirulence factor in this specific plant-pathogen interaction 
(Kamoun et al. 1997 and Kamoun et al. 1998). Cryptogein is another well characterized elicitin 
isolated from P. cryptogea and two types have been described; cryptogein A and cryptogein B. 
Both are involved in inducing HR, defence gene expression and systemic acquired resistance 
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(SAR) in tobacco to P. parasitica var. nicotianae (Keller et al. 1999; Kawamura et al. 2009). 
The early studies on elicitins were limited to their interaction with Nicotiana species to 
understand their role as avirulence factors.   
More recent studies have used other host species including Quercus robur, Q, suber, Fagus 
sylvatica (Brummer et al. 2002; Horta et al. 2008; Horta et al. 2010; Dalio 2013). Quercinin is 
a basic elicitin secreted into the liquid medium by P. quercina. It is reported by Brummer et al. 
(2002) that this ELI clade-1 elicitin was produced and released into Q. robur root tissue during 
infection indicating the involvement of this elicitin in the infection process. In addition, α-
plurivorin was recently reported as an acidic elicitin and further characterized as a virulence 
factor in P. plurivora. α-plurivorin was involved to suppress several defence-related genes and 
it was hypothesized that it acts as an effector that induces effector-triggering susceptibility in 
the highly susceptible interaction between of P. plurivora and Fagus sylvatica (European 
beech) (Dalio 2013).   
Elicitin gene clusters have been described in several Phytophthora species like P. cryptogea, 
P. cinnamomi and P. cambivora and it has been found that these gene clusters are conserved 
and they contain four open reading frames (Horta et al. 2008). In P. cinnamomi these four 
genes are clustered in tandem pairs and the gene cluster was reported in ELI clade -1. Among 
these four genes, two genes showed homology to basic and acidic elicitins whereas two other 
showed homology to highly acidic elicitins (Duclos et al. 1998; Jiang et al. 2006). The 
induction of all elicitin genes in P. cinnamomi during infection of Q. suber roots indicated their 
association in the infection process. Moreover, silencing of the β-cinnamomin gene (ELI-1 
clade) in P. cinnamomi affected the induction of the other three elicitin genes and the silenced 
mutants were showed reduced in planta colonization in Q. suber (Horta et al. 2008). 
Additionally, β-cinnamomin silenced mutants were less virulent compared to the wild type and 
were unable to effectively penetrate Q. suber root tissue. Therefore, this elicitin was considered 
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to be associated with virulence in this specific host-pathogen interaction (Horta et al. 2010). 
However, the biological function of P. cinnamomi elicitins was not yet been studied for other 
susceptible P. cinnamomi host interactions. Moreover, a recent study reported an elicitin-like 
gene identified by RNA-seq analysis, is expressed in zoospore and germinating cyst correlated 
its role at pre-infection stage in Persea americana (Reitmann et al. 2017). However, there is 
no information on additional P. cinnamomi elicitin-like proteins and their functions.   
Therefore, the present study was undertaken to identify elicitins, cell wall associated elicitins 
or elicitin-like proteins in P. cinnamomi and to explore the functions of elicitins through 
immunodepletion of β-cinnamomin using model susceptible species Lupinus angustifolius.  
5.2  Materials and Methods 
5.2.1  Isolation of P. cinnamomi elicitins and characterization on Tris/Tricine gels 
 
Elicitins were isolated from Phytophthora cinnamomi grown in M1 liquid medium (Appendix 
6-1) based on the method of Dalio (2013) with modifications. Briefly, the pathogen was first 
grown on 10% CV8 agar medium for 5 days and then eight mycelial plugs, taken from the edge 
of the colony, were transferred into 250 mL conical flasks containing 150 mL liquid M1 
medium. The conical flasks (total 8) were incubated in an orbital mixer incubator (Ratek) at 
24°C and 90 rpm for 8 days and then the liquid was filtered through a non-sterile filter paper 
(185 mm, Toyo Roshi Kaisha Ltd.) in a funnel. Then the mycelia was frozen in liquid nitrogen 
and frozen mycelia was used to extract cell wall associated protein described in section 2.5. 
The filtered liquid medium was then subjected to ammonium sulfate precipitation (70.7 g/100 
mL solution) at 4°C overnight. The solution was then centrifuged at 3900 ×g for 5 min and the 
resulting pellet was dissolved in distilled water sufficient for complete solubilisation of pellet. 
The concentrated solution was dialyzed against 20 mM phosphate buffer (pH 7.2) overnight at 
4°C  in a dialysis tube with a molecular weight cut off of 6 - 8 kDa (Spectra/PorR 1, Roth, 
Germany). The dialyzed solution was then centrifuged at 3900 ×g for 5 min and the resulting 
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supernatant was freeze-dried (Christ alpha 1-2, Martin Christ). Finally, the powder was 
dissolved in a small amount of distilled water sufficient for complete solubilisation and the 
total protein concentration was measured using the BCA method (Appendix 6-2).  
The dissolved proteins were analysed on a 10% Tris/Tricine gel according to Schagger and von 
Jagow (1987) using a vertical electrophoresis cell (Mini-protein® tetra, BioRad). Briefly, the 
separation gel (Appendix 6-3) was prepared and poured between two glass plates tightly held 
with a casting frame on a casting stand. After polymerisation of the separation gel, the stacking 
gel (Appendix 6-3) was added on top of the separation gel and between the two glass plates, a 
comb was then added to provide the sample loading lanes. The M1 extracted protein sample 
was mixed with sample buffer (BioRad) and were kept on heating block (95°C) for 5 minutes. 
Then the samples were cooled down before being loaded into lanes. Precision plus protein™ 
dual extra standards (BioRad) was loaded as a marker on loading lane of the gel. After that, the 
electrophoresis tank was filled with the running buffer (1 × Tris/Tricine/SDS buffer, Bio-Rad) 
and the gels were subjected to electrophoresis for 1 h at 150 V. On completion of the run the 
gel was removed from the glass tray and placed in a square plastic petridish containing 25 mL 
fixative solution (40 mL MeOH + 10 mL acetic acid, fill up to 100 mL distilled water) for 30 
mins. After washing the gels in a square plastic petridish containing 25 mL water, the gels were 
stained with coomassie stain (Bio-SafeTM , BioRad) according to the manufacturer’s protocol. 
Finally, the gel was de-stained in water overnight before taking an image of the gel (Epson 
Perfection V700 photo scanner, Epson, Australia).  
The activity of elicitins present in M1 extracted proteins was checked in tobacco (40 days old) 
(Nicotiana tabacum L. cv. Samsun) according to Fleischmann et al. (2005). Tobacco plants 
were grown in a growth cabinet maintaining 21°C with a 16/8 h photoperiod. The mature leaves 
were infiltrated into the mesophyll tissue of one half by injecting 100 µL of the solution (M1 
extracted protein, 1µg/mL) with a syringe without a needle covering an area of 1 cm2 . The 
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similar amount of water was injected in other half of the same leaf as a control. Pictures were 
taken after 2 days of infiltration. 
5.2.2 Analysis of elicitins by isoelectric-focusing 
 
The concentrated elicitin solution obtained in 5.2.1 above was further separated with isoelectric 
focusing (PROTEAN i12 IEF Cell, BIO-RAD, Australia) according to the protocol described 
by the manufacturer to determine how many elicitin isoforms were released into the culture 
medium. Briefly, the protein sample was mixed with rehydration buffer (total 125 µL) and 
loaded onto the rehydration/equilibration tray. Then, the immobilized pH gradient (IPG) strips 
(pH 3 - 10) were placed on the rehydration buffer mix and incubated at room temperature for 
45 min. Using a pipette 1 mL mineral oil was added on top of the strips and further incubation 
carried out for 16 hr. The incubated strips were transferred to the focusing tray with wet filter 
paper (BioRad) at the two ends and 2 mL mineral oil was added on top of the strip. Then the 
focusing tray was fixed into the PROTEIN i12 cell and run using the default settings for pH 3-
10 strips. After the run, the strips were dried with filter paper and analysed either using 
coomassie stain (Bio-SafeTM) or a 2nd dimension (2D) protein analysis on Tris/Tricine gel. For 
staining, strips were first incubated with running buffer on a hybridization oven (Ratek) at 
minimum speed for 10 min and then coomassie stain added and incubated for a further 45 min. 
For 2D protein analysis, the strips were incubated on the i12 rehydration tray sequentially in 
equilibration buffer 1 and then equilibration buffer 2 on a shaker for 10 min each. The strips 
were then washed with dH2O twice and placed on Tris/Tricine gel (prepared according to 
section 5.2.1 but here only the separation gel was used). Afterwards, agarose was added on top 
of the strips and after the gel had polymerized the run was started according to the protocol 
described in section 5.2.1.   
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5.2.3 Purification of β-cinnamomin 
5.2.3.1 Purification by cation and anion exchange column chromatography  
Total proteins were extracted from the 4.5 L M1 medium in which P. cinnamomi was grown 
as described in section 5.2.1. To purify β-cinnamomin the protein solution was concentrated 
first using a protein concentrator spin column (vivaspin 20, 3 kDa MWCO, GE Healthcare UK 
Limited) to remove proteins smaller than the elicitins (10 kDa). The retained protein solution 
was passed through a cation exchange column equilibrated with 20 mM Na-acetate buffer 
adjusted to pH 5.0 with pH meter. All acidic proteins with an isoelectric point (pI) smaller than 
pH 5 that carried a negative charge did not adhere to the cation exchange column and were 
collected as the run through. However, all proteins with a pI higher than 5 were positively 
charged, including the basic β-cinnamomin, and adhered to the column. These positively 
charged proteins, mainly β-cinnamomin, were eluted from the column with 0.5 M NaCl 
dissolved in 5 mL 20 mM Na-acetate buffer pH 5.0 (Figure 1). Further, the acidic fraction (run 
through of the cation exchange column) was purified on an anion-exchange column (Bio-Scale 
Mini Macro-Prep High Q, Bio-Rad, Australia). To do so, the acidic fraction was first 
equilibrated in 20 mM Tris buffer pH 8.0 using PD-10 columns (GE Healthcare Life Sciences, 
UK) and then loaded on an anion exchange column which was equilibrated with 20 mM Tris-
HCl buffer pH 8.0. The acidic proteins that adhered to the anion exchange column were eluted 
with 0.5 M NaCl dissolved in 20 mM Tris buffer pH 8.0 (Figure 5-1).  
To obtain a higher amount of purified basic protein, the process described above which used a 
cation exchange column was repeated twice using fresh P. cinnamomi cultured M1 medium. 
The purified basic, acidic and total protein were analysed using a Tris/Tricine gel and 
isoelectric focusing according to section 2.1 and 2.2, respectively. Moreover, the purity of 
purified basic β-cinnamomin was also confirmed using MALDI-MS analysis (see section 
5.2.3.2. below). In addition, the basic samples were further passed through vivaspin protein 
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concentrator spin columns (MWCO 30kDa, GE Healthcare) to remove possible contaminants 
with molecular mass higher than elicitins.  
5.2.3.2  Confirmation of the purity of β-cinnamomin using MALDI-MS experiments  
 
The molecular mass of intact β-cinnamomin was determined by MALDI-MS in positive linear 
reflection mode on a MALDI-TOF micro MX (Waters Co., Manchester, UK), equipped with a 
pulsed nitrogen laser (λ=337 nm). Prior to the acquisition of spectra, 1 μL of sample protein 
solution (100 pmol/μL) was mixed with 1 μL of saturated α-cyano-4- 4-hydroxycinnamic acid 
matrix solution (10 mg/mL in acetonitrile/trifluoroacetic acid 0.1%, 1:1, v:v) and a droplet of 
the resulting mixture (1 μL) placed on the mass spectrometer’s sample target. The droplet was 
dried at room temperature and the sample loaded into the mass spectrometer and analyzed. The 
instrument was calibrated using a three-point external calibration using a mixture (10 
pmol/mL) of insulin, cytochrome c and trypsinogen as standard proteins (Sigma, MO, USA) 
using a polynomial equation. All spectra were processed and analysed using MassLynx 4.0 
software (Waters). The instrument source voltage was set to 12 kV. The pulse and detector 
voltages were optimized at 1999 V and 5200 V, respectively. Measurements were performed 
with a suppression mass gate set to m/z 5000 and an extraction delay of 600 ns. Data were 
acquired by accumulating and averaging at least 10 spectra randomly acquired over the well 
surface. 
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Figure 5-1: Purification of β-cinnamomin. P. cinnamomi  M1 growth medium extracted 
proteins was passed through a cation exchange column which is negatively charged and can 
bind proteins of positive charge. + Cation stands for positively charged proteins including β-
cinnamomin. Then, the α-elicitins containing solution was further passed through anion 
exchange column which was positively charged and can bind proteins of negative charge. –
Anion stands for negatively charged proteins including acidic cinnamomins. The solution B 
and solution C were combined together to further confirm the purity by IEF and MALDI MS 
experiments.  
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Figure 5-2: Purification and concentration of polyclonal β-cinnamomin antiserum.  At first, the 
antiserum was raised in chicken for β-cinnamomin. Then β-cinnamomin expressed in E. coli 
was passed through the purification column to bind it covalently to the column. Further, the 
antiserum was concentrated through purification column where β-cinnamomin will stick to the 
antigen and contaminants were collected as run through. Finally, the antiserum which stuck to 
the column was released and the result was 90-95% purified antiserum.  
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5.2.4 Generation of the antiserum 
 
An affinity purified polyclonal chicken IgY antiserum against β-cinnamomin (1 mg protein 
mL-1) was produced commercially (Davids Biotechnologie, Regensburg, Germany) using 1.0 
mg of β-cinnamomin for the chicken immunization and 0.6 mg β-cinnamomin for the affinity 
purification. Briefly, β-cinnamomin expressed in E.coli (kindly donated by Hofzemahaus and 
Schallmey, RWTH Aachen University, Germany) that may have contained non-targeted 
proteins Z and the purified β-cinnamomin that may have contained non-targeted proteins X and 
Y that were covalently bound to the column along with cinnamomin protein.  For β-
cinnamomin protein, a polyclonal antiserum was made and this solution contains about 80 % 
other immunoglobulins (i.e. IgGs). Then, the whole solution was passed through the 
purification column to concentrate β-cinnamomin antiserum and to remove other antiserum 
against non-targeted proteins (i.e. X and Y). So, β-cinnamomin antiserum (EA) was covalently 
bound with the column and contaminations along with additional IgG was collected as a run 
through. Then the bound β-cinnamomin antiserum (highly concentrated and free from non-
targeted proteins) was re-eluted from the column and collected separately (Figure 5-2). This 
highly purified (90-95 %) β-cinnamomin antiserum was used for further experiments in this 
study.   
5.2.5 Isolation of P. cinnamomi cell wall associated proteins  
 
P. cinnamomi mycelial cell wall protein extraction was performed as described by Meijer et al. 
(2006) with the following modifications. The frozen mycelia obtained from filtered M1 
medium from section 2.1 was ground under liquid nitrogen and 50 mg of ground mycelium 
was then transferred into 1 mL of a 50 mM Tris HCl (pH7.5) buffer containing a complete 
protease inhibitor cocktail (Roche, Burgess Hill, UK). The solution was vortexed repeatedly 
and centrifuged for 10 min at 15000 × g at 4°C. The resulting supernatant was kept in a separate 
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tube and the pellet was again resuspended with the above mentioned Tris HCl buffer. After 
centrifugation, the pellets were washed with 1.0 mL of 1M NaCl by extensive vortexing to 
release ionic bound proteins. The supernatant was collected in the same way and was combined 
with the supernatants mentioned above.   
The pellet was resuspended by vortexing in a 1 mL mixture of 50 mM Tris HCl (pH 7.8), 2% 
sodium dodecyl sulfate (SDS), 100 mM ethylenediaminetetra acetic acid (EDTA), 150 mM 
NaCl and 40 mM b-mercaptoethanol. The solution was incubated for 10 min at 100°C followed 
by centrifugation for another 10 min at 15000 × g. The supernatant was mixed with the previous 
collection tube and the pellet was again resuspended in the above mentioned mixture. These 
resuspension and centrifugation steps were repeated another three times. All the collected 
supernatants were considered to be non-covalently bound or disulphide bound cell wall 
proteins and the pellets were used to further analyse covalently bound cell wall proteins. 
The isolated non-covalently bound cell wall proteins were dialyzed against 20 mM phosphate 
buffer (pH 7.2) and finally analysed on a Tris/Tricine gel as mentioned in section 5.2.1.                                                                                        
5.2.6  Analysis of   covalently bound cell wall proteins using high resolution nanoLC–
Tandem Mass Spectrometry  
Chemical fragmentation with cyanogen bromide (CNBr) of cell walls proteins (300 µg) was 
performed in 70% formic acid as previously described (Gross, 1967). The sample was dried 
under vacuum, washed three times with Milli Q H2O and dissolved in NH4HCO3. Following 
reduction with 10 mM dithiothreitol (DTT) (1h at 56 °C) and alkylation with iodacetamide 7.5 
mM (15 min at room temperature in the dark), enzymatic hydrolysis was performed on CNBr 
reduced and alkylated proteins by adding Tosyl phenylalanyl chloromethyl ketone (TPCK)-
treated trypsin with an enzyme/substrate (E/S) ratio of 1:50 (w/w). Mixtures were then 
incubated at 37 °C for 16 h and frozen for subsequent analyses. Peptide mixtures (2 µg) were 
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then analyzed by mass spectrometry (LTQ Orbitrap XL™ Hybrid Ion Trap-Orbitrap Mass 
Spectrometer, Thermo Fisher Scientific, Bremen, Germany). Peptide separation was performed 
on a C-18 reverse phase capillary column (75 μm x 10 cm,Thermo Fisher Scientific) at a flow 
rate of 300 nl/min, by using the following linear gradient of eluent A (0.2% formic acid in 2% 
acetonitrile) and eluent B (0.2% formic acid in 95% acetonitrile): t = 0 min, 5% solvent B; t = 
10 min, 5% solvent B; t = 90 min, 50% solvent B; t = 100 min, 80% solvent B; t = 105 min, 
100% solvent B; t = 115 min, 100% solvent B; t = 120 min; 5% solvent B. Peptides analysis 
was performed using data-dependent acquisition of one MS scan followed by CID and ETD 
fragmentations of the three most abundant ions. For the MS scans, the scan range was set to 
400–1800 m/z at a resolution of 60000, and the automatic gain control (AGC) target was set to 
1 × 106. For the MS/MS scans, the resolution was set to 15000, the AGC target was set to 1 × 
105, the precursor isolation width was 2 Da, and the maximum injection time was set to 500 
ms. The CID normalized collision energy was 35%; the charge-dependent ETD reaction time 
was enabled and the ETD AGC target was set to 1 × 105. Data were acquired by the Xcalibur™ 
software (Thermo Fisher Scientific). Proteins were identified by a licensed version of Mascot 
Software (Version 4.2.1). The Mascot search parameters were: NCBInr as database; trypsin 
and CNBr cleavages specific at one terminal end, allowed number of missed cleavage 3, 
carbamidomethyl C as fixed modifications, 10 ppm MS tolerance, 0.6 Da MS/MS tolerance, 
peptide charge from +2 to +3.  
5.2.7 Western-blot analysis 
 
Two different antibodies were used to check their specificity using western-blot analysis. 
Firstly, we used an anti-β-quercinin antibody which was developed on the basis of purified β-
quercinin from P. quercina (Kindly donated by Professor Wolfgang Osswald, Technical 
University of Munich, Germany). Moreover, β-quercinin is structurally similar with β-
cinnamomin as they both contain 98 amino acids with 10 kDa molecular mass and both elicitins 
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are grouped in clade-1 (Koehl et al. 2003). It was therefore hypothesized that β-cinnamomin 
should strongly cross-react with an anti-β-quercinin antibody. For western-blot analysis, a 
Trans-Blot® Turbo ™ Blotting system (Bio-Rad) was used according to manufacturer’s 
instructions. After blotting, the membrane was rinsed in methanol for 30 seconds and then in 
20 mM TBS pH7.5. Non-specific binding was blocked by immersion of the membrane in 1% 
BSA in TBS for 1 hr with gentle shaking.  The blotting membrane was then incubated with the 
addition of primary antibody (1:3000 dilution; anti-β-quercinin antibody) for 1 hr. The 
membrane was then washed three times with TBS + 0.05% Tween-20 (TBST) for 5 min before 
being transferred to the secondary antibody (1:5000 dilution, anti-rabbit IgG alkaline 
phosphatase antibody raised in goat, Sigma) in blocking solution. The membrane was then 
washed three times with TBST (3 × 5 min) and one time with TBS. Then , the membrane was 
placed in 1× AP colour development buffer (Bio-Rad) containing 250 µL of AP colour reagent, 
A and AP colour reagent B was added drop by drop under gentle shaking. After several 
minutes, the reaction was stopped by dipping the membrane in dH2O. Finally, an image of the 
membrane was captured (Epson Perfection V700 photo scanner).  
The anti-β-quercinin antibody was not purified on an elicitin column and we observed 
background contamination with other proteins on the western-blot membrane. Therefore, we 
developed a highly purified β-cinnamomin antiserum which is purified on a β-cinnamomin 
column (Figure 1). To check the specificity of newly generated anti-β-cinnamomin antibody, 
we followed the above mentioned procedure and we used anti-chicken IgY-alkaline 
phosphatase antibody produced in rabbit (Sigma, Australia) as a secondary antibody. 
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5.2.8 Plant growth, inoculation with zoospores and treatment with anti-β-cinnamomin 
antibody 
Seeds of Lupinus angustifolius var. wonga (Naracoorte seeds), a species which is susceptible 
to P. cinnamomi, were sown in a soil-free plant growth system (SPS) and placed within 
temperature-controlled growth cabinets under 200 µmol m-2 photosynthetically active radiation 
provided by sodium lights at 21°C with a 16/8 h photoperiod (Allardyce et al. (2012). Plants 
that were 8 days old were used for inoculation. The inoculum was prepared according to Byrt 
and Grant (1979) and the inoculum suspension diluted to 104 zoospores/mL with different 
concentrations of anti-β-cinnamomin antibody in sterilized distilled (sd) H2O.  Initially, several 
experiments were performed to optimize the experimental for successful infection and vigorous 
root growth (data not shown). Finally, zoospores were added into the antibody solution one h 
before the inoculation at 104/mL zoospores concentration and the desired antibody 
concentration. To monitor any non-specific effects of antiserum on plants or the pathogen, a 
pre-immune normal serum without β-cinnamomin antibodies was used for inoculation. A range 
of concentrations of anti-β-cinnamomin were tested first (data not shown); finally three 
concentrations (1:100, 1:300 and 1:1000) were selected to test the effect of ß-cinnamomin 
antiserum on infection and on the host plant.  
For inoculation the method of Islam et al.  (2017) was used. Briefly, plants within an SPS were 
removed from the growth chamber to a laboratory bench where roots were exposed and 20 µL 
inoculum applied 5mm behind the root tip. The roots were then covered to maintain moist 
conditions and left for one h to enable zoospore encystment and adhesion to root surfaces. The 
inoculated plants were then returned back to the growth chambers. Lesion lengths were 
measured using imageJ software from image taken on every 24 h following inoculation up until 
120 hours psot inoculation (hpi). Moreover, the movement of zoospores were checked under 
bright field microscope by placing a 20 µL drop from zoospores and antiserum mixture on slide 
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and no effect was observed until 3 h of mixing antiserum (Data not shown). In addition, the 
growth of the pathogen was also checked by adding the different concentrations of anti-β-
cinnamomin to the zoospores suspension on a piece of dialysis membrane placed on V8 agar 
plate. The membrane was taken out from the plate and placed on a slide and then, the photo 
was taken under bright field microscope. The hyphal length was measured using imageJ.   
5.2.9 Localisation of elicitins in roots of L. angustifolia inoculated with P. cinnamomi 
 
Infected root samples were prepared for laser-scanning microscopy according to the method of 
Dalio (2013). Briefly, the plants were grown and inoculated as described in section 5.2.8. Then, 
the harvested roots at different hpi were fixed first in 3% formaldehyde prepared in PBS (pH 
7.2) and then the roots were sectioned by hand using single edged blade (Trojan) and the root 
sections were washed in PBS/0.2% Tween three times. Then the samples were blocked two 
times, first time with 100 mM glycine in PBS/0.2% Tween and 2nd time with 1% BSA in PBS 
(pH 7.2) for 30 minutes.  Following blocking, the first set of root sections harvested at each 
time point were incubated for 2 h at 37°C in a solution containing primary antiserum (1:100 
diluted chicken anti-β-cinnamomin serum) and the second set of root sections were incubated 
with 1:400 diluted commercial rabbit anti-Phytophthora spp. polyclonal antiserum (Loewe 
Diagnostica, Sauerlach, Germany). Then, three washing steps were performed for both sets 
separately, two times with 0.2% Tween in PBS and one time with PBS. The washed first set of 
root sections were incubated for 60 minutes at 37°C with secondary antisera (goat anti-chicken 
conjugated to Alexa Fluor 633, Invitrogen, Australia) and the second set of root sections were 
incubated with goat anti-rabbit conjugated to Pacific Blue, Invitrogen, Australia at similar 
conditions. The sections were washed again with 0.2% Tween in PBS and with PBS before 
transferring on slides to check with confocal laser-scanning (Leica TCS SP5, Leica 
Microsystems CMS GmbH, Mannheim, Germany) microscopy. For Alexa flour 633, a 633 
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laser line (emission between 641 and 655) and for pacific blue, a 405 laser line (emission 
between 430 and 480 nm) was used to capture the image.  
5.2.10 Detection of elicitins in P. cinnamomi at different developmental stages  
 
To analyse β-cinnamomin production in zoospore cysts during development of the germ tube 
and subsequent hyphal growth a preparation of zoospores at a density of 104 zoospores/mL was 
used. To this suspension was added anti-β-cinnamomin antiserum at a ratio of 1:100 or 1:200. 
The zoospore-antibody preparation was then placed on a piece of dialysis tube (one layer, 3×1.5 
cm) on CV8 agar plates maintaining three replicates of each anti-β-cinnamomin dilution along 
with water as a control. Germ tube growth was examined by light microscopy and the dialysis 
membrane was removed at 0, 2, 3 and 16 h from the surface of the agar and placed in fixative 
consisting of 3% formaldehyde prepared in 20 mM PBS pH 7.2 buffer solution. The germinated 
cysts that were attached to the membrane were then washed and protein block were performed 
as described in section 5.2.9. Subsequently, the membrane was incubated with both primary β-
cinnamomin antibody and Phytophthora specific antibody for 2 hr at 37°C. After washing the 
material (two times with 0.2% Tween in PBS and one time with PBS), the membrane was 
incubated with two different secondary antisera for 2 hr at 37°C. Before checking the 
membrane with confocal microscope as described above in section 5.2.9, the materials were 
washed several times with 0.2% Tween in PBS and with PBS. 
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5.3 Results 
5.3.1  Identification of P. cinnamomi elicitins  
 
The release of P. cinnamomi elicitins into the M1-medium was confirmed by Tris/Tricine gel 
electrophoresis and their activity was confirmed by infiltration of the solution into tobacco 
leaves (Figure 5-3). The β-cinnamomin protein expressed in Escherichia coli was used as a 
positive control on gel electrophoresis. The M1-culture filtrate extract of P. cinnamomi showed 
a clear band at 10kDa on the gel (Figure 5-3A). Moreover, the biological activity of isolated 
elicitins was tested on tobacco which is known to be sensitive to elicitins.  Tobacco leaves 
developed necrosis after two days of infiltration with M1-extracts of P. cinnanmomi (Figure 5-
3B). In addition, western-blot analysis using anti-β-quercinin antibody showed that P. 
cinnamomi elicitins was picked-up by anti-β-quercinin antibody. Furthermore, the antibody is 
also picked other high molecular weight proteins and this result was expected as β-quercinin 
antiserum (polyclonal antibody) was not purified on an affinity column (Figure 5-3C-D).    
 
 
 
 
 
 
 
 
 
 
  
166 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-3: Identification of elicitins by gel electrophoresis, infiltration in a tobacco leaf and 
by western-blot using β-quercinin antiserum.  (A) Tris/Tricine gel electrophoresis of protein 
extracts from P. cinnamomi M1-liquid culture filtrate.  β-cinnamomin protein expressed in 
Escherichia coli was used as a positive control and it showing  band at 11 kDa as His-tag is 
fused with gene, Different amount of M1 culture filtrate showing a band corresponding to a 10 
kDa elicitin protein (B) Necrosis on tobacco leaf infiltrated after 48 h with P. cinnamomi M1 
culture filtrate (1µg/mL). (C-D) Tris/Tricine gel and corresponding western-blot using anti-β-
quercinin antibody. 10 µg and 5 µg P. cinnamomi M1 culture filtrate showing band on gel and 
on corresponding wetern-blot.  
A B 
C D 
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5.3.2 Isoelectric-focusing of P. cinnamomi M1-extract proteins 
 
To determine the number of elicitins in the P. cinnamomi M1-extracts, isoelectric focusing 
(IEF) was performed using isolated M1-extracts and desalted M1-extracts (Figure 5-4). The β-
cinnamomin protein expressed in E. coli was used as a positive control to set up the system to 
analyse samples by 2D-gel electrophoresis. The IEF analysis of β-cinnamomin protein 
expressed in E. coli resulted in one clear band at isoelectric-point (pI) 7.67 on IEF strip and on 
the 2D-gel (Figure 5-4A and 4B). Moreover, the isolated M1-extracts showed four different 
bands on IEF stripes at pI 7.75, 5.50, 4.80 and 4.00 (Figure 5-4C). In addition, six different 
bands appeared on the 2D-gel using the same sample (Figure 5-4D). However, the desalted 
M1-extract resulted in three clear bands on IEF strip at pI 7.61, 4.45 and 3.16 or 3.19, although 
we still see some faint band and those bands might be artificial due to overloading the gel or 
smear of clear band (Figure 5-4E). Furthermore, anti-quercinin antibody was picked the β-
cinnamomin protein that we clearly observed on the western-blot (Figure 5-4F).  
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Figure 5-4: Isoelectric focusing of elicitins from P. cinnamomi M1 extracts.  (A) Isoelectric-
focusing of β-cinnamomin expressed in E. coli showed one band at isoelectric point (pI) 7.67 
(B) 2D Tris/Tricine gel electrophoresis of β-cinnamomin expressed in E. coli showed one band 
corresponding to the IEF strip. (C) Western-blot of β-cinnamomin expressed in E. coli protein 
using anti-β-quercinin antibody. (D) Isoelectric-focusing of P. cinnamomi M1 extract showed 
four distinct bands at pI 7.75, 5.5, 4.8 and 4.0. (E) 2D Tris/Tricine gel electrophoresis of P. 
cinnamomi M1 extracts showed six bands. (F) Western-blot P. cinnamomi M1 extracts protein 
using anti-β-quercinin antibody. (G) Isoelectric-focusing of desalted P. cinnamomi M1 extracts 
showed three distinct band at pI 7.61, 4.45 and 3.16.  
5.3.3 Purification of β-cinnamomin 
 
To raise a highly specific β-cinnamomin antiserum, the β-cinnamomin elicitin was purified by 
passing through the M1-extracts to cation-exchange and anion exchange chromatography 
(Figure 5-1). Then the purified protein solution was subjected to IEF and MALDI-MS analysis 
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(Figure 5-5). The IEF analysis showed one clear band at approximately pI 7.61 on the IEF strip 
and on the 2D-gel (Figure 5-5A and 5B). Moreover, the ß-quercinin antiserum cross reacted 
with the purified β-cinnamomin protein and specifically shown by a western-blot (Figure 5-
5C). In the following experiment, IEF of purified β-cinnamomin protein resulted 3 different 
spot on 2D gel at pI 6.5, 7.41 and 8.5 (Result not shown). These three spots were purified 
separately from 2D gel after running several IEF and these three samples along with loaded 
main purified samples were analysed by MALDI-MS. Interestingly, the proteins purified from 
individual 2D spot did not result any detectable peak but the purified bulked sample produced 
one peak and the theoretical molecular weight was 10.287 kDa which showed that the sample 
contained only the β-cinnamomin homogenous protein (Figure 5-5D). This sample along with 
β-cinnamomin expressed in E. coli was used to develop anti-β-cinnamomin antibody (Figure 
5-2).  
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Figure 5-5: Analysis of purified β-cinnamomin using isoelectric-focusing and MALDI-MS.  
(A) Isoelectric-focusing strip of purified basic fraction showed one band at approximately pI 
7.61 (B) 2D Tris/Tricine gel electrophoresis loaded with focusing strip showed one band. (C) 
Western-blot of 2D gel of purified β-cinnamomin protein using anti-quercinin antibody. (D) 
MALDI-MS chromatograph of purified β-cinnamomin protein.   
 
5.3.4  Tris/Tricine gel electrophoresis of P. cinnamomi cell wall proteins  
 
To identify P. cinnamomi cell wall associated proteins which were free or bound by ionic or 
disulphide bonds (Section 5.2.4), cell wall extracts were analysed with Tris/Tricine gel 
electrophoresis. Many protein bands were found on the gel ranged from high to low molecular 
weights (Figure 5-6).  
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Figure 5-6: Tris/Tricine gel electrophoresis of P. cinnamomi cell wall proteins bounded by 
disulphide bond. Different amount of P. cinnamomi cell wall extracted protein showing 
multiple protein band at different level. M1 extract protein was used as a positive control 
showing elicitins band at 10 kDa level and an additional band at 20 kDa probably degraded 
part of elicitins.  
5.3.5 Identification of P. cinnamomi cell wall bound proteins  
 
To explore P. cinnamomi cell wall proteins from different species of Phytophthora associated 
with covalent bound, isolated cell walls from mycelia (pellet sample) were analysed by high 
resolution nano LC-Tandem Mass Spectrometry (nano LC-MS/MS). The resulting data were 
searched for homology using mascot software against NCBI databases and several known 
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proteins were identified, such as a translation elongation factor 1 alpha, several 
glycophosphatidylinositol (GPI)-anchored proteins, a glucan 1,3-beta glucosidase, a 
pyrophosphate-energized vacuolar membrane proton pump and β-cinnamomin (Table 5-1).  
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Table 5-1 : Proteins identified in the cell wall-associated proteins from P. cinnamomi by high 
resolution nano LC-MS/MS.  
Score represent the overall quality of the alignment. The higher number corresponds to higher 
similarity.  
NCBI Id Protein description Peptides Score Species 
Gi|6688977 Translation 
Elongation Factor 1 
Alpha 
R.QTVAVGVIK.S 
K.IGGIGTVPVGR.V 
M.VATFGPVGLSTEVK
.S 
R.VETGVIKPGMVATF
GPVGLSTEVK.S 
20 
77 
67 
44 
P. infestans 
Gi|262095878 Predicted GPI-
anchored protein  
M.KVVNPSGK.I 
K.VIAIAALPSGGSR.I 
R.IAFQSGDNVIVR.E 
40 
50 
85 
P. infestans 
T30-4 
Gi|301104268 Putative GPI-
anchored serine-rich 
hypothetical protein 
M.TAVTSVQAR.V 
M.YVQAEGINVNEQS
VK.C 
32 
132 
P. infestans 
T30-4 
Gi|164510747 Glucan 1,3-Beta-D-
Glucosidase  
R.AGPDWATADVK.C 
R.FSALVETASTYSK.E 
73 
85 
P. 
cinnamomi 
Gi|301114941 Pyrophosphate-
Energized Vacuolar 
Membrane Proton 
Pump 
M.AELPAEVR.D 
K.SVGVAAMEMVK.E 
K.VVENIPEDDPR.N 
M.AIISLVFGDFFK.S 
42 
23 
16 
71 
P. infestans 
T30-4 
Gi|301090286 Triosephosphate 
Isomerase/Glycerald
ehyde-3-Phosphate 
Dehydrogenase 
R.AAIENPKTK.V 
M.PEQVAIGINGFGR.I 
R.GCGQNIIPSSTGAAK
.A 
18 
49 
31 
P. infestans 
T30-4 
Gi|301123733 5-
Methlytetrahydropte
royltriglutamate-
Homocysteine 
Methyltransferease  
M.VAVDSATLGFPR.M 96 P. infestans 
T30-4 
Gi|119287 β-cinnamomin  -
.TACTATQQTAAYK.T 
73 P. 
cinnamomi 
Gi|301107324 Conserved 
Hypothetical Protein  
R.TTGANGSVITK.T  
K.IEVQTTTVTK.T 
42 
26 
P. infestans 
T30-4 
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5.3.6  Analysis of the specificity of the β-cinnamomin antiserum using western-blot 
 
The specificity of the newly raised β-cinnamomin antiserum (See figure 5-2) was tested with 
western-blot analysis using P. cinnamomi M1 extracts proteins (Figure 5-7). This antiserum 
was prepared in chicken and was concentrated and, purified through an affinity column.  
Mycelial extracts proteins were used as an additional control to further confirm the specificity 
of the β-cinnamomin antiserum. The mycelial extract and the M1 extract showed the band 
corresponding to 10 kDa on gel-electrophoresis but however, only the known protein with a 
molecular weight around 10 kDa was specificly picked up by the β-cinnamomin antiserum. 
There was no cross reaction with any non-covalent bound proteins which were found associated 
with cell wall extract supernantent sample (Figure 5-7A and 5-7B). Therefore, this experiment 
proves that β-cinnamomin antiserum is highly specific (Figure 5-2 showed that the antiserum 
was purified on a β-cinnamomin column) to pick only β-cinnamomin protein. 
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Figure 5-7: Tris/Tricine gel electrophoresis and western-blot of protein extracts from P. 
cinnamomi mycelial cell wall and M1-liquid culture filtrate, showing the specificity of anti-β-
cinnamomin. (A) Tris-Tricine gel electrophoresis of mycelia extracts and M1-liquid extract. 
Mycelial cell wall extract showing multiple band and M1 extract showing one clear elicitins 
band at 10 kDa level.  (B) Western-blot of corresponding Tris-Tricine gel that showed anti-β-
cinnamomin reacted only with the elicitin proteins. 
5.3.7  β-cinnamomin production associated with P. cinnamomi germ tubes and mycelia 
 
To obtain information on β-cinnamomin production at different growth stages, zoospores were 
grown first on dialysis membrane placed on CV8 medium in the presence of -β-cinnamomin 
antiserum and harvested after 2 and 3 hr and after 16 hr. Then, the P. cinnamomi growths were 
labelled with β-cinnamomin antiserum and with commercial Phytophthora antibody along with 
their corresponding secondary antibodies as described in the methods section 5.2.9. At first, 
different control experiments were performed by labelling with individual primary or 
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secondary antiserum to check the cross reactivity to produce the colour (data not shown). Then, 
the final experiments were performed using both primary and secondary antiserum. P. 
cinnamomi germs of an age of 2 hr produced both blue and red colour which represents the 
production of β-cinnamomin at this stage (Figure 5-8A). The similar result was also found for 
P. cinnamomi germ tubes aged 3 hr and for those grown overnight (Figure 5-8B and 5-8C). 
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Figure 5-8: Confocal images of β-cinnamomin production of P. cinnamomi growing on V8 
agar plates. The blue colour indicates the germ tube or mycelia of the pathogen and the red 
colour indicates β-cinnamomin of P. cinnamomi. (A) β-cinnamomin production of two hrs 
grown  germ tube, scale 25 µm. (B) β-cinnamomin production of  three hrs grown germ tube, 
scale 25 µm. (C) β-cinnamomin production of overnight grown mycelia, scale 50 µm. 
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5.3.8  β-cinnamomin production of L. angustifolius roots inoculated with P. cinnamomi 
 
The localization of both β-cinnamomin and P. cinnamomi within the root tissue during 
infection was investigated by performing immunofluorescence experiments. In this 
experiment, β-cinnamomin and P. cinnamomi were labelled separately with red and blue tags, 
respectively in susceptible L. angustifolius roots infected with P. cinnamomi. The β-
cinnamomin production was observed from 24 hours post inoculation (hpi) throughout the root 
tissue but was most prominent in the epidermis, cortex and vascular region (Figure 5-9A-B and 
5-9E-F). The amount of β-cinnamomin production inside the root tissue increased overtime 
throughout the root tissue (Figure 5-9A-B, E-F and Appendix 6-4A-B and 6-4E-F). At 24 hpi, 
the pathogen colonised the endodermis, cortex and xylem region and, expanded the 
colonization into these areas over time (Figure 5-9C-D, 5-9G-H, Appendix 6-4C-D and G-H). 
The strong blue colour in the central cylinder of the root sections might be autofluoresence of 
highly lignified cell wall and this trend was also found in control root section (Figure 5-9K-L). 
Moreover, the labelling of longitudinal sections of inoculated L. angustifolius roots showed the 
higher amount of β-cinnamomin production throughout the regions (Figure 5-10A-B). 
However, the red or blue colour were not observed in water inoculated control tissue which 
confirmed the reliability of our results of producing colour for β-cinnamomin and P. 
cinnamomi (Figure 5-9I-L).       
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Figure 5-9: Confocal laser scanning microscop images of L. angustifolius roots infected with 
P. cinnamomi.  The inoculated roots were cross sectioned by hand and labelled separately with 
anti-β-cinnamomin and anti-Phytophthora antibody. β-cinnamomin was red-immunolabelled 
with red fluorescing Alexa Fluor 633 and P. cinnamomi was blue-immunolabelled with pacific 
blue. (A-B) β-cinnamomin production is observed in L. angustifolius root sections harvested at 
24 hpi. E-F. More β-cinnamomin production is observed in L. angustifolius root sections 
harvested at 48 hpi compare to 24 hpi. (C-D) and (G-H) Blue color indicate the presence of P. 
cinnamomi throughout the root tissue. (I-L) Mock inoculated control root section showed no 
unspecific binding for either of the antibodies. The faint blue colour represent the natural auto-
fluorescence of L. angustifolius roots. Scale bar 100 µm. 
 
 
 
 
Red channel                Merged                    Blue channel               Merged                      
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Figure 5-10: Confocal laser scanning microscopic images of longitudinal sections of L. 
angustifolius roots infected with P. cinnamomi.  The inoculated roots were harvested at 72 hpi 
and fixed in 3% formaldehyde in 20 mM PBS pH 7.2. Then root sections were labelled with β-
cinnamomin antiserum and Phytophthora antiserum. (A-B) Red colour indicates the 
distribution of β-cinnamomin produced by P. cinnamomi. (C-D) blue colour indicates the 
presence of P. cinnamomi of infected roots. 
5.3.9 Effect of β-cinnamomin antiserum on lesion formation on L. angustifolius infected 
with P. cinnamomi 
The L. angustifolius seedlings inoculated with P. cinnamomi zoospores generated expanding 
lesions at 72 hpi whereas zoospores incubated with β-cinnamomin antiserum (1:100 dilution) 
generated reduced lesion at 72 hpi (Figure 5-11B and 5-11C). However, zoospores incubated 
with β-cinnamomin antiserum diluted 1:300 or 1:1000 resulted close to similar lesion as 
compared to only zoospores (Figure 5-11D and 5-11E). Moreover, zoospores incubated with 
pre-immune serum (1:100 dilution) produced similar lesion compared to only zoospores 
(Figure 5-11B and 5-11F). 
The lesion length of infected roots was measured for all the treatments from 24 hpi to 120 hpi 
and it was found that zoospores incubated with β-cinnamomin antiserum (1:100 dilution) 
generated significantly less sized lesions as compared to those infected with zoospores without 
antiserum at all recorded time points. The incubation with the other two dilutions of β-
cinnamomin antiserum with zoospores produced significantly similar sized lesion as compared 
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with only zoospore inoculation. In addition, zoospores incubated with pre-immune serum 
produced statistically similar sized lesion at all recorded time points. This result suggested that 
the immune serum by itself had no effect either on zoospore infection or on plant health and 
the reduced lesion was correlated with inhibition of β-cinnamomin by antiserum (Figure 5-
11G). 
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Figure 5-11: Effect of inhibition of β-cinnamomin on the susceptible interaction between L. 
angustifolius and P. cinnamomi.  (A) dH2O inoculated control. (B) Lesion development in L. 
angustifolius roots inoculated with P. cinnamomi zoospores. (C) Reduced lesion development 
in L. angustifolius roots inoculated with zoospores and β-cinnamomin antiserum diluted 1:100. 
Lesion development in L. angustifolius roots inoculated with zoospores and β-cinnamomin 
antiserum diluted 1:300 (D) 1:1000 (E) and 1:100 pre-immune serum (F). Scale bar = 1cm. 
Lesion length of roots inoculated either by zoospores pre-incubated with different 
concentration of anti-β-cinnamomin antibody or by zoospores of P. cinnamomi (G). Data are 
the mean of three independent experiments and bars represent one s.e.m. *, denotes significant 
difference between control and inoculated samples at P-0.05 according to Duncan’s multiple 
range test.  
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5.3.10 Effect of β-cinnamomin antiserum on growth of P. cinnamomi 
To check the growth in presence of β-cinnamomin antiserum, the P. cinnamomi zoospores were 
incubated on dialysis tube membrane placed on V8 agar medium for 24 hr and the observation 
was recorded by microscope. The two concentrations (1:100 and 1:200 dilution) were tested 
and none of the concentrations showed an effect on mycelial growth. Moreover, the mycelial 
growth pattern was similar to water incubated mycelial growth (Figure 5-12A-C). In addition, 
The hyphal length incubated with antiserum was not statistically different compared with water 
control (Figure 5-12D).h  
 
Figure 5-12: P. cinnamomi growth incubated with β-cinnamomin antiserum.  The zoospores 
were incubated with β-cinnamomin antiserum for 24 hr and taken photographs by compound 
microscope. (A) Pathogen growth under water (B) Pathogen growth under β-cinnamomin 
antiserum at 1:100 dilution (C) Pathogen growth under β-cinnamomin antiserum at 1:200 
dilution. Scale = 100 µm. (D) Hyphal length of P. cinnamomi under different concentration of 
β-cinnamomin antiserum. Data are the mean of three independent experiments and bars 
represent one s.e.m.  
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5.4 Discussion 
 
The elicitins are 10 kDa proteins which were named for their ability to elicit the hypersensitive 
response in several species but, mostly in Nicotiana species. The separation of proteins with 
molecular weights less than 30 kDa is difficult using SDS-PAGE and therefore, Tricine-SDS-
PAGE based on a Tricine-Tris buffer system is the most popular electrophoretic SDS technique 
for separating smaller proteins, especially those in the range 1-20 kDa. Using this technique, a 
superior resolution of proteins was achieved in the current study without the necessity of urea 
and glycine as noted by others (Schagger and Jagow 1987; Jiang et al. 2016). A clear band 
derived from M1-culture filtrate was found at 10 kDa indicating the secretion of elicitins in 
liquid medium by the pathogen. Further, infiltration of the filtrate into tobacco leaves generated 
necrosis, proving preliminary evidence for the presence of elicitin. Similar symptoms were also 
described on tobacco leaves infiltrated with other Phytophthora elicitins such as cryptogein, 
parasiticein or capsicin (Koehl et al. 2003)  
The elicitin proteins are classified into two groups on the basis of their respective isoelectric 
point (pI) and they are termed acidic (pI < 5) or basic (pI > 5). To date, more than 30 
Phytophthora species have been recorded to secrete elicitins which each differ in their pI  
(Ponchet et al. 1999; Fleischmann et al. 2005). The P. cinnamomi genome has four elicitin 
genes expressing four proteins which are named as β-cinnamomin (pI 7.61), α-cinnamomin (pI 
4.45), cinnamomin ha1 (pI 3.19) and cinnamomin ha2 (pI 3.16) on the basis of their pI (Ponchet 
et al. 1999; Horta et al. 2008). Also recently, RNA-seq study revealed one elicitin-like gene in 
P. cinnamomi (Reitmann et al. 2017). However, our isoelectric focusing results with the P. 
cinnamomi M1 culture filtrate showed three clear bands on the isoelectric focusing strip, one 
for each β-cinnamomin, one for α-cinnamomin and one for combined cinnamomin ha1 and 
cinnamomin ha2. To my knowledge, this is the first report of the separation of P. cinnamomi 
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elicitin proteins by isoelectric focusing. Purification of β-cinnamomin was achieved and its 
purity confirmed by isoelectric focusing and MALDI-MS analysis. Further, a new antiserum 
was raised against β-cinnamomin and its specificity confirmed. 
In addition to isolation of the elicitins, P. cinnamomi cell wall proteins either covalently or 
non-covalently bound to cell wall fractions were also examined. Proteomic studies on 
oomycetes have previously been performed to compare the proteomes of P. infestans and P. 
ramorum (Savidor et al. 2008) and, more specifically, for P. infestans, the differential 
regulation of proteins at different growth stages (Ebstrup et al. 2005). The cell wall proteome 
has also been described previously for P. ramorum (Meijer et al. 2006) and P. infestans 
(Greenville-Briggs et al. 2010) following LC-MS/MS analysis. Here in this chapter I report for 
the first time on the cell wall proteome for P. cinnamomi using high resolution nano LC-
MS/MS analysis.  
Glycosylphosphatidylinositol (GPI) anchored proteins are the most abundant covalently bound 
proteins in fungal cell walls (De Groot et al. 2005). However, only a few members of these 
proteins have been identified for P. infestans and P. ramorum mycelial cell wall fractions. This 
difference highlights that pathogenic oomycetes may share similar ecological niches or growth 
patterns, but there are some fundamental differences in biochemistry and physiology of these 
diverse groups (Greenville-Briggs et al. 2010). Two predicted GPI-anchored proteins have 
been identified in the current study from a P. cinnamomi mycelial cell wall fraction as 
covalently bound proteins. The function of these proteins is still not known. Therefore, future 
research is required to check transcript accumulation at different growth stages of P. 
cinnamomi and to find potential role of each identified protein. 
In the current study, I have identified using nano LC-MS/MS a pyrophosphate-energized 
vacuolar membrane proton pump from P. cinnamomi mycelial cell wall. This proton pump has 
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the ability to reduce the extracellular pH and thus activate enzymes such as expansins, 
endoglucanases and polygalacturonases which are involved in cell wall expansion (Perrot-
Rechenmann 2010; Dong et al. 2013). It is likely therefore, that the identified proton pump in 
this study is involved in cell wall expansion in P. cinnamomi. Glucan 1,3-β -D-glucosidases 
have different roles in plants compared with pathogen. In plants, 1,3-β -D-glucosidase has been 
characterized to be mainly involved in plant defence as well as for germination and 
embryogenesis. Whereas in oomycetes, 1,3-β- D-glucosidase was hypothesized to be involved 
in the balance between cell wall hydrolyses and synthesis (Mc Leod et al. 2003; Meirinho et 
al. 2010). Therefore, future experiments should examined to check whether the glucan 1,3-β -
D-glucosidase of P. cinnamomi, which was found here, has a similar role in other oomycete 
pathogens.  
Also found in the cell wall fractions in P. cinnamomi, Triose phosphate isomerase (TPI) and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) which catalyse different steps in 
carbohydrate metabolism. In P. infestans, these two enzymes fuse together and form a single 
transcriptional unit, tigA which is unique in the eukaryotic group (Unkles et al. 1997). 
Moreover, 5-Methlytetrahydropteroyltriglutamate-homocysteine methyltransferase is an 
adaptive response protein of P. capsici when treated with several fungicides. This enzyme is 
involved in methionine biosynthesis, cysteine biosynthesis and as a eukaryotic translation 
initiation factor, all of which play important roles in protein synthesis (Murakoshi et al. 1986; 
Jackson et al. 2010; Pang et al. 2016). However, in this chapter, I identified TPI/GAPDH and 
5-Methlytetrahydropteroyltriglutamate-homocysteine methyltransferase proteins from the 
mycelial cell wall of P. cinnamomi. More importantly, in the context of this study, β-
cinnamomin was found as a covalently bound cell wall protein in the data set. This result 
indicates that β-cinnamomin is not only secreted into the liquid medium but is also covalently 
attached to the P. cinnamomi mycelial cell wall.   
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Elicitins have long been considered as resistance inducing PAMP molecules or avirulence 
factors in many Phytophthora species.  PAMPs are recognized by cell surface localized pattern 
recognition receptors (PRRs) which can trigger an immune response (Du et al. 2015; Derevnina 
et al. 2016). These proteins induce a HR based local and systemic resistant reactions in plants 
of Solanaceae and Cruciferacae families. Tobacco plants treated with elicitins showed more 
resistant to subsequent infection by P. parasitica and radish was more resistant to  
Xanthomonas campestris pv. armoraciae (Ricci et al. 1989; Kamoun et al. 1993; Kamoun et 
al. 1994). There are many isolates of P. parasitica and other Phytophthora species that secrete 
elicitins and which are non-pathogenic to tobacco (Ricci et al. 1989; Ricci et al. 1992). The 
INF1 elicitin secreted by P. infestans which displayed inducer of resistance to several 
Nicotiana species and silenced mutant of inf1 was generated disease lesions on N. benthamiana 
(Kamoun et al. 1998). Collectively, these experiments were indicated that pathogens produce 
elicitins to act as avirulence factor in the interaction with plants. However, these experiments 
were only investigated on Phytophthora-tobacco interactions.  Pathogens do secrete proteins 
not only to favor plants to induce resistance, but they are known to have intrinsic biological 
function in pathogen virulence during the infection process. Recently, via immunodepletion 
experiments, α-plurivorin has been described as a virulence factor in P. plurivora. The 
application of α-plurivorin antiserum during inoculation resulted in a complete inhibition of 
penetration by P. plurivora into F. sylvatica root tissue. The results of Dalio (2013) provided 
evidence that the acidic elicitin of P. plurivora suppressed several defense related genes in F. 
sylvatica roots and therefore it was described as an inducer of effector triggered susceptibility 
(ETS). In the current study, I used   a similar approach to identify the action of the basic elicitin 
of P. cinnamomi in the highly susceptible interaction with L. angustifolius.  
Zoospores of P. cinnamomi  encysted on roots after 1 h of inoculation and then extended a 
germ tube. After three hours, they had penetrated the epidermal cell (Allardyce et al. 2013). β-
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cinnamomin labeling with an affinity purified antibody of germinating cyst and hyphae both 
in-vitro and in-vivo showed the presence of β-cinnamomin. The immune labeling study coupled 
with nano LC-MS/MS analysis provide strong evidence for the presence of both forms of 
elicitin wall bound and secreted during pre and post penetration stages of infection. . Moreover, 
β-cinnamomin was produced throughout the area of root tissue invaded by the pathogen from 
24 hpi and this result adds strength to the hypothesis that β-cinnamomin released by the 
pathogen during infection and may be involved in suppressing defenses at the early stages of 
root infection.  These results concur with those of Dalio (2013) where α-plurivorin, the only 
elicitin of P. plurivora was labeled with a specific antiserum and highlighted in fine roots of F. 
sylvatica infected by P. plurivora.  
Further, to investigate the role of β-cinnamomin in the P. cinnamomi infection process an 
immunosuppression experiment was performed using a β-cinnamomin antiserum. The plants 
exposed to zoospores that have been treated with antibody showed reduced root lesion compare 
to the plants exposed to zoospores not treated with antibody. All plants inoculated with 
zoospores pre-incubate with pre-immune serum did not have significantly reduced lesion 
length compare those roots that have been exposed to zoospores in water alone. This 
experiments showed that treatment of zoospores with nonspecific immunoglobulin proteins 
does not interfere with the ability of pathogen to encyst and penetrate epidermal cell.  
Moreover, observations of hyphal growth on standard medium showed that the β-cinnamomin 
antiserum did not have any measurable effect on pathogen growth in culture. These 
experiments confirm that a partial loss of virulence of P. cinnamomi in the presence of β-
cinnamomin antiserum and I suggest that it is due to this specific suppression of the activity of 
β-cinnamomin by the antibody.  A previous study showed that β-cinnamomin silenced P. 
cinnamomi strains were weak to invade Q. suber root tissue and to cause disease symptoms. 
This study did not exclude the possibility of collateral disruption in pathogen genome by the 
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transformation process that can interfere the silenced mutant’s aggressiveness in virulence 
(Horta et al. 2010). Therefore, the results obtained in the current study provide an additional 
and convincing evidence for a role of β-cinnamomin in the infection process. This result was 
supported by some early study, for example, elicitin-coding sequence are present in two P. 
parasitica isolates (P3461 and P1995), but they do not produce elicitins, however, both strains 
have been shown to be impaired in their ability to cause infection to host plants tobacco and 
tomato (Kamoun et al. 1993). This inability to cause infection indicates the importance of 
elicitins to the infection process. In contrast, an inf1 silenced mutant of P. infestans was virulent  
on potato (Kamoun et al. 1998) showing the function of elicitin in different Phytophthora 
species may vary.     
Elicitins are highly conserved proteins (LM 1995), secreted by almost all Phytophthora species 
(Takemoto et al. 2005) and therefore it is important to investigate their role as virulence factor 
in each Phytophthora-susceptible plant interaction. Importantly, my results demonstrated that, 
even though the P. cinnamomi genome encodes a number of effectors or other pathogenicity 
factors, the immunosuppression of elicitin results in compromised virulence showing their 
important role in P. cinnamomi virulence. Moreover, there are a large number of elicitin-like 
proteins present in Phytophthora species (Jiang et al. 2013). However, their significant roles 
to infection are not well understood providing a rich area for further investigation.  
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 General discussion 
This chapter presents a synthesis of the findings of the experimental chapters and places them 
in context with previous and current research and puts forward suggestions for future research. 
A model for plant resistance against P. cinnamomi is presented. 
6.1  Summary 
 
Research presented in this thesis investigated plant components important for resistance as well 
as pathogen proteins important for pathogenicity using model and an Australian native species. 
P. cinnamomi is a generalist necrotrophic pathogen which has a broader host range than most 
other plant pathogenic oomycetes. Currently phosphite is used to control this pathogen in 
natural forests and agriculture, however, this is not a long-term method as phytotoxicity is 
reported on plant parts and long term application is required. Therefore, introducing resistance 
will be an effective component to underpin durable control methods for this pathogen. 
However, very few plant species show resistance to this pathogen and those that do are defined 
as a field resistant. But these species are not clearly defined as a resistant species under 
controlled laboratory conditions. Moreover, there is very little information on resistant 
responses of previously defined field resistant species.  
On the other hand, elicitins are small proteins secreted by many Phytophthora species and 
described previously as avirulence proteins which act to induce defence responses in mainly 
tobacco. However, recently it has been reported that the roles of elicitins may be as both a 
suppressor of defence responses as well as virulence factor, for example, in P. plurivora. 
Moreover, β-cinnamomin elicitin has been reported to be associated directly or indirectly with 
virulence in P. cinnamomi. The role or roles of elicitin-like proteins are largely unknown in 
Phytophthora species.   
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Therefore, this thesis used various approaches including histochemical analysis, 
chromatographic analysis, transcriptional exploration by the recent innovation of next 
generation sequencing, and immunodepletion experiments to increase our knowledge and 
understanding of plant-P. cinnamomi interactions. At first this thesis started to explore the 
resistant components of the previously established monocot model plant Z. mays. The role of 
several phytohormones were investigated in Z. mays infected with P. cinnamomi (Chapter 2).  
Then, an Australian native species Lomandra longifolia (previously known as a field resistant 
species) was selected to analyse for resistance under controlled conditions using a previously 
described semi-quantitative classification system. Once the study established the plant as 
highly resistant, then several cellular resistance components with their pathway genes were 
investigated in L. longifolia roots inoculated with P. cinnamomi (Chapter 3). To gain insights 
into the resistance of L. longifolia, root transcriptomics by RNA-seq was performed using 
illumina sequencing and an overview of resistance gene induction was presented in this study 
(Chapter 4). The elicitin-like proteins were found in the transcriptome dataset suggesting their 
possible involvement in plant-P. cinnamomi interactions. Therefore, the study then 
investigated the role of elicitins as well as elicitin-like proteins in virulence of P. cinnamomi 
through a range of experimental approaches (Chapter 5). In summary, I believe that this thesis 
has resulted in a greatly improved understanding of defence mechanisms employed by roots of 
resistant plant species against P. cainnamomi and the possible role of elicitins and elicitin-like 
proteins in pathogenicity.  
6.2 Resistance components that act against P. cinnamomi that are initiated in Z. mays: 
Jasmonic acid is a major element  
    
Z. mays had been characterized before the current study commenced to be a resistant monocot 
model plant that allowed elucidation of defence responses against P. cinnamomi. The clean 
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root system of Z. mays growing in the soil free plant growth system (SPS) allowed inoculation 
by zoospores directly on the root and then examination of the molecular responses without any 
contamination by soil or soil particles or other soil-borne micro-organsims (Allardyce et al. 
2012). Previous microarray data clearly showed the induction of resistance-related genes in Z. 
mays at 6 hpi and 24 hpi (Allardyce et al. 2013). As described in Chapter 2, the induction of 5 
(five) selected resistance-related genes have shown upregulation at 6 hpi to 24 hpi by semi-
quantitative and quantitative PCR.  NAC transcription factors are pathogen responsive factors 
which have been shown in number of plant-pathogen interactions (Nuruzzaman et al. 2013; 
Toth et al. 2016). However, the current study has shown here the early induction of one NAC 
member NAC41 in a model plant and this result opens up the discussion of the role of NAC 
transcription factors in resistance to P. cinnamomi. Moreover, phytoalexins are low molecular 
weight compounds that have anti-pathogenic activity against a range of pathogens. The current  
research has demonstrated following infection the induction of phytoalexin biosynthesis 
pathway genes and I hypothesized that there would be an effect of root extracts on growth of 
P. cinnamomi. The growth inhibition test that used root extracts from infected roots showed 
less P. cinnamomi cyst germination and germ tube growth suggesting that anti-pathogenic 
compounds were active in Z. mays roots. Further experiments are of course required to quantify 
the anti-pathogenic phytoalexins in the extracts, isolate the pure compounds and then to test 
their efficacy on reducing P. cinnamomi growth.  
Phytohormones are major regulators of defence responses in plants following their invasion by 
pathogens. Several studies have shown the up-regulation of biosynthetic pathway genes for the 
major phytohormones including JA in infected plants  (Rangel-Sanchez et al. 2014; Eshragi et 
al. 2014a; Eshragi et al. 2014b; Reeksting et al. 2014; Serrazina et al. 2015), but, there has 
been a gap in establishing  the role of phytohormones, if any, in resistance to P. cinnamomi. 
The major findings of this research showed that jasmonic acid (JA) production was induced at 
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24 hpi following upregulation in gene expression of LOX1 at 12 hpi in Z. mays following 
inoculation with P. cinnamomi. I belive that this is the first demonstration of JA induction in 
resistant plant roots in response to P. cinnamomi.  In addition, another study suggested the 
possible involvement of auxin and the auxin response pathway in phosphite mediated 
resistance in Arabidopsis following infection by P. cinnamomi (Eshragi et al. 2014b). Indole-
3-acetic acid (IAA) has direct or indirect effects on regulation of plant disease resistance 
(Denance et al. 2013). IAA synthesis was induced in the current research on Z. mays roots at 
48 hpi and in response to P. cinnamomi and this is the first demonstration of IAA quantification 
in a resistant root interaction.  Therefore, this research added another piece of evidence to 
conclude that IAA is involved in resistance to P. cinnamomi. Overall, this research 
demonstrated that Z. mays roots employed JA/IAA based signalling pathways and several 
phytoalexins to restrict P. cinnamomi growth to a very small area of the root.   
6.3  Characterization of resistance in Lomandra longifolia infected with P. cinnamomi 
 
Previously Z. mays has been used to construct standardized methods in order to classify native 
plant species as a resistant or susceptible to P. cinnamomi and further to elucidate defence 
mechanisms (Allardyce et al. 2012). In the current research study it was important to first 
classify L. longifolia as resistant to P. cinnamomi and then to investigate the multiple cellular 
resistance components and the genes expressed during resistance as described in Chapter 3. 
The research details in this thesis is required L. longifolia plants to be grown in simplified plant 
growth system so that the observation upon the inoculation could be readily made.  Following 
inoculation, lesions were found to be restricted to a confined area of the roots and with time 
lateral root growth was found to be initiated above the inoculation point. The inoculated L. 
longifolia plants did not show any difference in plant growth to control plants and this plant 
was scored based on described parameters in this study as a highly resistant plant to P. 
cinnamomi. Therefore, the method followed in this study could be applied to other native 
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species, especially those that survive passage of the disease, to further examine resistance to 
this generalist and devastating pathogen. Additionally, in the SPS, L. longifolia produced a 
clean root system which facilitated the examination of plant responses macroscopically and 
microscopically without root disturbance. The availability of seed stock compared to other 
native plant species and their uniform germination without major treatment makes this species 
a first choice for further set up of larger and perhaps glasshouse and field-based experiments 
to investigate resistance mechanisms.  
Once L. longifolia was established as a resistant plant, then several cellular resistance 
components were examined to explain the mechanisms of root resistance.  Callose, lignin and 
H2O2 are three major cellular resistance components of plant disease resistance (Newman et al. 
2013). However, there are very few attempts that have been made to detect or quantify cellular 
resistance responses in native host plants or model plants infected with P. cinnamomi (Cahill 
et al. 1989; Cahill et al. 1993; Rookes et al. 2008; Oßwald et al. 2014). For example, 
lignification of cell walls, deposition of callose papillae and induction of phenolic compounds 
have been shown in several field resistant species and in the resistant monocot model Z. mays, 
though these compounds were not quantified and the role of individual component in resistant 
were not established (Cahill et al. 1989; Allardyce et al. 2013). Moreover, the induction of 
reactive oxygen species (ROS) were quantified from susceptible species inoculated with P. 
cinnamomi (Garcia-Pineda et al. 2010), however, were not analysed in resistant species. The 
induction of these three compounds (callose, lignin and H2O2) in this study suggested their 
direct or indirect association with resistance to P. cinnamomi. This is the first report of an 
association of H2O2 and peroxidase in root resistance to a predominantly necrotrophic pathogen 
as it was believed only to be associated with biotrophic pathogens (Shetty et al. 2007). 
Moreover, demonstration of the the induction of resistance-related genes in resistant-host 
plants is rare. The expression of callose, lignin and H2O2 biosynthetic or marker genes found 
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in this study presnts an opportunity to firmly place these cellular resistance-related components 
as factors that directly or indirectly associate with L. longifolia resistance. In addition, the 
method used in this study to detect and quantify cellular resistance components from native 
species could be used to explore the resistance mechanisms of other field resistant native plant 
species that survive in the presence of P. cinnamomi.   
6.4 The L. longifolia toot transcriptome analysis showed the exquisite complexity of 
the response to P. cinnamomi   
 
The transcriptome is the complete set of transcripts in a cell, and their quantity, under specific 
physiological conditions. A better understanding of the transcriptome is required to identify 
the essential genes that are at play in development of disease. A number of technologies have 
been used to explore the transcriptome including microarrays and sequence-based approaches 
like EST-libraries. However, these approaches are low throughput, expensive and not 
quantitative (Wang et al. 2009b).  While RNA-seq by Illumina approach has several advantages 
which made this method a first choice for exploring the transcriptome of a non-model species 
whose genome is yet to be sequenced (Xiao et al. 2013). Up till now, only two transcriptome 
analyses of P. cinnamomi-plant root interactions using tolerant P. americana and resistant 
Castanea species have been reported and both used RNA-seq by the Roche 454 life science 
system platform (Reeksting et al. 2014; Serrazina et al. 2015). The current study used the latest 
illumina high throughput sequencing technology to show a complete overview of L. longifolia 
root transcriptomes following infection with P. cinnamomi and as described in Chapter 4. The 
sequencer-generated reads were processed first to get higher quality reads and then the reads 
were de novo assembled into contigs which were searched in NCBI to obtain homologous 
proteins. Around 47% of total contigs showed homology to know proteins and this percentage 
was close to some recent transcriptome studies of non-model species (He et al. 2015; Chand et 
al. 2016). In the blast searches, E. guineensis was identified as a top hit species followed by 
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some other monocot species. Moreover, the DEG analysis identified 6,236 significantly up-
regulated genes and 8,187 significantly down-regulated genes. Furthermore, the GO analysis 
of upregulated DEGs were categorized into different categories which are important for 
resistance in many plant pathogen interactions (Serrazina et al. 2015; He et al. 2015; Guimaraes 
et al. 2015). Additionally, KEGG and COG analysis classified the upregulated contigs into 
functional categories that led to the identification of several mechanisms that are activated 
during different stages of plant resistance (He et al. 2015; Chand et al. 2016).  Collectively, the 
upregulated contigs identified in this study suggested their involvement during L. longifolia 
resistance to P. cinnamomi.  
Pattern recognition receptor (PRR) evolved to detect components of foreign pathogen to induce 
the basal defence system PAMP-triggered immunity (PTI)  (Jones and Dangl 2006; Thomma 
et al. 2011). Receptor like kinases (RLKs) act as PRR and one of its important members, the 
L-type lectin receptor kinase (LecRK) encoded transcript, was upregulated in the L. longifolia 
transcriptome.  LecRKs are well studied in A. thaliana-P. infestans pathosystem (Bouwmeester 
et al. 2014) and the current research now, for the first time, showed the induction of LecRK in 
roots in response to P. cinnamomi. To be a successful pathogen pathogens need to secrete 
effectors  that aid infection of the host plant and in the classic sense, the plant responds using 
R-genes that encode receptors that recognize the effectors following which induction of a 
second line of active plant defence occurs, so-called effector-triggered immunity (ETI) (Jones 
and Dangl 2006; Thomma et al. 2011). The induction of a CC-NBS-LRR type R-protein 
encoding transcript in L. longifolia suggests the activation of ETI to stop the spread of P. 
cinnamomi inside the roots. The different layers of resistance are then controlled by 
phytohormones and which is brought iniot play depends on the nature of the pathogen 
(Denance et al. 2013). The induction of JA pathway encoded transcripts and a JA dependent 
transcription factor encoded transcript in L. longifolia following infection indicated that L. 
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longifolia resistance was mostly controlled by JA. Kauralexins are ent-kaurene-related 
phytoalexins and they have antipathogenic properties against a variety of pathogens (Schmelz 
et al. 2011). The induction of a kauralexin biosynthetic gene, An2, in L. longifolia suggests the 
production of phytoalexins in this species that are active against P. cinnamomi. Investigation 
of the production of potential phytoalexins that act against P. cinnamomi would be a very 
worthwhile follow up study. Overall, the current study showed that L. longifolia exhibited 
different lines of active defence responses to restrict P. cinnamomi growth into a confined area 
of the root. To my knowledge, this study is the first report of a transcriptome analsysis of an 
Australian native species inoculated with P. cinnamomi. 
6.5  Association of elicitins and elicitin-like proteins with virulence of P. cinnamomi 
 
Elicitins are 10 kDa proteins secreted by almost all Phytophthora species tested and it has been 
hypothesized that they act as a sterol carrier protein as well as an avirulence factor mostly on 
tobacco during infection of plants (Kamoun et al. 1994; Takemoto et al. 2005; Derevnina et al. 
2016). While the function of elicitin-like proteins is largely unknown. The transcriptome study 
described in Chapter 4 showed the induction of Phytophthora elicitin-like proteins encoded 
transcripts in addition to the plant resistance-related genes. This result indicated the possible 
involvement of elicitin-like proteins in virulence of P. cinnamomi during infection. Therefore, 
the association of elicitins and elicitin-like proteins in virulence of P. cinnamomi were 
investigated in Chapter 5. 
Phytophthora cinnamomi has four elicitin genes encoding proteins that belong to the basic 
group, β-cinnamomin, the acidic group, α-cinnamomin and the highly acidic group of elicitins, 
as the class II highly acidic elicitins (Horta et al. 2008; Horta et al. 2010). Pre-treatment with 
α-cinnamomin induced defence responses in two Quercus species against P. cinnamomi and 
the pathogen was unable to colonize vascular tissue following inoculation. This result indicates 
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the avirulence function of α-cinnamomin (Ebadzad et al. 2015) although the question has 
remained whether inoculation with P. cinnamomi without pre-treatment of α-cinnamomin 
would induce defence in Quercus species. However, some other studies have shown quite 
elagantly that β-cinnamomin was directly or indirectly associated with virulence of P. 
cinnamomi (Brummer et al. 2002; Horta et al. 2008; Horta et al. 2010). The current study 
investigated the role of β-cinnamomin in virulence through immunodepletion experiments and 
also explored elicitin-like proteins of P. cinnamomi. Elicitins were isolated from P. cinnamomi 
grown in liquid medium and their presence confirmed first on Tris/Tricine gel. One of the major 
outcomes from the elicitin work was the separation of elicitin proteins according to their 
calculated isoelectric point (pI) using an isoelectric focusing system. Therefore, I put forward 
this method for application to other Phytophthora species to explore the nature of elicitins 
according to the calculated pI.  
The current study developed a procedure for obtaining a 90-95% pure polyclonal β-
cinnamomin antiserum and this was used to label the elicitin in roots inoculated with P. 
cinnamomi. The β-cinnamomin elcitin was detected from 24 hpi in the susceptible model 
species Lupinus angustifolius suggesting its contribution from the early stages of infection. 
Further, immunodepletion experiments were performed to examine the loss of virulence during 
infection using the newly developed and highly specific β-cinnamomin antiserum. Reduced 
virulence was found in L. angustifolius roots using 1:100 dilution of antiserum whereas two 
controls (zoospores treated with pre-immune serum and only zoospores) showed a normal P. 
cinnamomi virulence response.  These results indicate the importance of β-cinnamomin during 
colonization inside the root tissue and that it may function  to suppress early defence responses 
in the plant, although further experiments like quantification of pathogen and defence-related 
gene expression under immunodepletion of β-cinnamomin need to be performed to confirm the 
function of β-cinnamomin in P. cinnamomi virulence.  
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To determine whether the elicitin-like proteins present in the cell wall as covalently bound 
protein, P. cinnamomi cell wall proteins were analysed using nano LC-MS/MS analysis. The 
major finding of this research showed the presence of β-cinnamomin in P. cinnamomi as a 
covalently bound protein within the cell wall. In the susceptible interaction with L. 
angustifolius may indicate that β-cinnamomin P. cinnamomi might be involved to suppress in 
plant defences. Moreover, the current research found other cell wall associated proteins like 
the glycosylphosphatidylinisotol (GPI) anchored protein which were also found in the P. 
infestans cell wall proteome (Greenville-Briggs et al. 2010). Additionally, the current study 
identified pyrophosphate-energized vacuolar membrane proton pump, Triose phosphate 
isomerase (TPI), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and 5-
Methlytetrahydropteroyltriglutamate-homocysteine methyltransferase whose roles are yet to 
be investigated in P. cinnamomi growth and infection. Furthermore, this method could be used 
to explore cell-wall associated proteins or elicitin-like proteins of other Phytophthora species. 
 
 
 
 
 
 
 
 
 
 
 
 
 
6.6 Final conclusion 
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The P. cinnamomi-plant interactions were investigated with the aim of exploring plant 
resistance components and studying the role of elicitins in P. cinnamomi virulence. A major 
finding of this work in the induction of jasmonic acid (JA) and indole-3-acetic acid in monocot 
model Zea mays roots in response to P. cinnamomi (Figure 6-1). The research presented in this 
thesis is a step forward in the classification and identification of Australian native plants that 
are  resistant or susceptible to P. cinnamomi by following standardized methods under 
laboratory conditions. Lomandra longifolia has been established as a highly resistant species 
and the induced cellular components (callose, lignin and H2O2) have been shown to be closely 
associated with resistance. However, further work is required to establish the role of individual 
components in the resistance response. Moreover, the transcriptome study described in this 
thesis presented an overview of the resistance mechanisms that L. longifolia employs to combat 
P. cinnamomi. Future experiments are required to confirm the importance of individual genes 
and gene networks in resistance and to further characterize those most important for resistance 
to P. cinnamomi. Possibilities for gene transfer from resistant to susceptible species has thus 
been opened up. Finally, partial loss of P. cinnamomi virulence in antiserum treated zoospores 
when inoculated on to the model susceptible plant Lupinus angustifolius has shed light on the 
involvement of β-cinnamomin in virulence of P. cinnamomi.  Additionally, the identification 
of covalently bound cell wall associated elicitin-like proteins has opened up a window to 
investigate their role during infection. Clearly, there is much more that can be learned about P. 
cinnamomi and the interactions with its many plant hosts. 
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Figure 6-1: Diagrammatic representation of induction and approximate timing of resistance 
responses identified in this research in Z. mays and L. longifolia root tissue following P. 
cinnamomi inoculation. Here PAL= Phenylalanine ammonia lyase, CSs= Callose synthases, 
GST = Glutathione-S-transferase, LOX = Lipoxygenase, CHS = Chalcone synthase, PR = 
Pathogenesis related, AOS = Allene oxidase synthase, An2 = Kaurene synthase, Tps = Terpene 
synthase and TF = Transcription factor. P. cinnamomi secrete effector or elicitor to facilitate 
penetration and receptor like protein (RLP) of L. longifolia bind pathogen protein to induce 
resistance. At 3-6 hpi, the PAL, CSs, GST, LOX and CHS etc are expressed to modify plant cell 
against pathogen penetration as well as synthesize antimicrobial or phytohormone signalling 
molecules. As a result, L. longifolia root develop strong defence responses against P. 
cinnamomi infection and the plant shows normal growth except generating restricted lesion.  
1 
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 Appendices 
 Semi-quantitative PCR for expression analysis of An2, TPS11, LOX1, 
NAC41 and NAC100 
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Appendix 1-1: RT-PCR was performed to analyse the up-regulation of candidate resistance-
related genes in Z. mays following inoculation with P. cinnamomi.  (A) The expression levels 
of An2, Tps11 and NAC41 were up-regulated following inoculation whereas the expression 
level of Lox1 and NAC100 remain similar compared to their respective control. Gapc2 was 
used as an internal control. Images are representative of two independent experiments with 
conducted with two biological replicates. (B) Fold changes were calculated from PCR images 
based on the respective control. Data presented are the mean of two independent experiments 
and bar represent one s.e.m. 
B 
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 Appendix 2: Regression equations of phytohormones  
 
Appendix 2-1: Linear regression of different concentrations of SA, IAA, ABA and JA.  A range 
of concentrations (started from 10µM to 0.001µM) of indicated phytohormones along with 
their internal standard were run using LC-MS. The correction ratio with internal standard of 
SA (A) and ABA (C) shows the equation and R-square linear value. The peak area of different 
concentration of IAA (B) and JA (B) shows the equation and R-square linear value.  
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 Effect of callose inhibitor on lesion formation in Lomandra longifolia 
roots 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix 3-1: Lesion formation in callose inhibitor (2-DDG) treated L. longifolia roots 
inoculated with P. cinnamomi. (A) Lesion at 72 hpi in the absence of inhibitor. (B) Lesion at 
120 hpi in the absence of inhibitor. (C) Lesion at 72 hpi in the presence of inhibitor. (D) Lesion 
at 120 hpi in the presence of inhibitor. Lesion areas are highlighted by square brackets. Scale 
bar = 0.5 cm.   (E) Lesion length (mm) in the presence or absence of inhibitor. (F) Transverse 
section of inoculated root at 72 hpi showing callose production (arrowheads) (G) Transverse 
section of 2-DDG treated and inoculated root showed no callose production. (H) Mock 
inoculated control root section showed no callose production. Scale bar = 50 µm. Data shown 
are the mean of three independent experiments and bars represent s.e.m.     
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 Confirmation of root inoculation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix 4-1: Confirmation of inoculation on L. longifolia with P. cinnamomi. (A) Restricted 
lesion formation (bracket) on L. longifolia roots at 72 hours post-inoculation (hpi) (B) 
Spreading lesion on susceptible species Lupinis angustifolius. Scale bar = 0.5cm. (C) P. 
cinnamomi hyphal growth (black arrow) on inoculated root sections harvested at 6 hpi and D. 
24 hpi. Scale bar =0.5cm.   
 
 
 
 
 
 
 
A B C 
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 Lomandra longifolia toot transcriptome data  
Appendix 5-1: De novo assembly statistics for the L. longifolia transcriptome 
 
Appendix 5-2: Plant secondary metabolism associated genes induced in roots of L. longifolia 
in response to infection by P. cinnamomi 
 
Contig ID Putative gene (BlastX) Related taxon E-value Fold 
change at 
6 hpi 
Contig_2140 Aldo-keto reductase 1 Phoenix dactylifera 1.15E-133 36.81 
Contig_3211 Cinnamyl alcohol 
dehydrogenase 1 
Vitis vinifera 1.45E-103 21.00 
Contig_4408 Clavaminate synthase-
like  
Vitis vinifera 3.94E-25 13.84 
Contig_23049 UDP-
glycosyltransferase 
88A1-like 
Elaeis guineensis 3.1E-25 10.67 
Contig_438 Chalcone synthase Gossypium hirsutum 1.38E-135 6.32 
 
0 hpi 6 hpi 24 hpi 
Control Inoculated Control Inoculated Control Inoculated 
Contig 
number 65052 56087 62569 72709 66887 73559 
Mean contig 
length 642 676 638 617 627 600 
Maximum 
contig length 8697 8329 8253 8406 11148 10797 
Minimum 
contig length 200 200 200 200 200 200 
N50 length 925 1037 909 829 916 787 
N25 length 1775 1872 1740 1639 1723 1661 
GC% content 43.5 43.5 43.5 45.03 42.4 43.9 
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Contig_19204 ent-copalyl 
diphosphate synthase 
(An2) 
Cocos nucifera 1.67E-43 3.39 
Contig_1637 Caffeic acid 3-O-
methyltransferase 
Elaeis guineensis 9.54E-174 2.75 
Contig_14220 Flavonol synthase 
flavanone 3-
hydroxylase-like 
Musa acuminata subsp 
malaccensis 
6.11E-75 2.17 
Contig_2384 Farnesyl 
pyrophosphate 
synthase 
Glycine max 0.0 2.02 
Contig_10817 1-deoxy-D-xylulose-5-
phosphate synthase 
Zea mays 1.16E-114 1.84 
Contig_227 Phenylalanine 
ammonia lyase 
Phoenix dactylifera 2.98E-103 1.67 
Contig_2116 Squalene synthase  Phoenix dactylifera 0.0 1.65 
Contig_15919 Terpene synthase-10 
like 
Musa acuminata subsp 
malaccensis 
8.3E-108 1.52 
 
Appendix 5-3: Resistance-related candidate transcription factor genes induced in L. longifolia 
in response to P. cinnamomi 
Contig ID Putative gene (BlastX) Related taxon E-value Fold 
change at 
6 hpi 
Contig_20285 RING finger and CHY 
zinc finger domain 
containing protein 1 
Elaeis guineensis 6.06E-106 17.25 
Contig_2864 Auxin response factor 
19-like  
Musa acuminata 
subsp malaccensis 
0.0 14.94 
Contig_5165 bZIP protein Arabidopsis thaliana 2.99E-149 7.29 
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Contig_7210 Transcription factor 
bHLH68-like 
Elaeis guineensis 9.09E-86 7.00 
Contig_24198 FAR1-related sequence Elaeis guineensis 9.8E-150 6.00 
Contig_48283 Putative WRKY 
transcription factor 65 
Glycine max 9.53E-12 3.89 
Contig_315 Ethylene-responsive 
transcription factor 1-
like 
Phoenix dactylifera 5.88E-13 4.17 
Contig_15691 MADS-box transcription 
factor 23-like 
Musa acuminata 
subsp malaccensis  
6.11E-75 4.10 
Contig_3970 WRKY transcription 
factor 40 
Elaeis guineensis 7.01E-15 2.45 
Contig_20784 Myb-related protein 308-
like 
Elaeis guineensis 2.26E-21 2.00 
Contig_3876 Zinc finger CCCH 
domain- containing 
protein 13-like 
Musa acuminata 
subsp malaccensis 
4.62E-10 1.91 
Contig_7025 Transcription factor 
Hy5-like  
Eucalyptus grandis 4.58E-45 1.76 
Contig_4459 NAC domain containing 
protein 43  
Phoenix dactylifera 1.89E-102 1.47 
 
Appendix 5-4: Primers used in qRT-PCR for the validation of RNASeq data 
Name Oligonucleotide sequence (5ˈ to 3ˈ) PCR product size (bp) 
ALR_F TCTTCTAGTGCTTGTACCACTACA 152 
ALR_R  AACGTTGGGAAACAGGTGGT 
STK_F ATCCCACCAAGGCCATTGAG 157 
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STK_R ATGCAGGTCCGAAGAAAGGG 
CP_F CAACAGGATCCACACCCTCC 195 
CP_R TGCCGATCTCACTGCTGAAG 
PR1_F CGTAGGGTTTGCGATGAGGT 187 
PR1_R GGAATCAGCCAGCAGTCACT 
OPAR_F CGTACCCTCCAGCTGCTATG 196  
OPAR_R CACAAGGAGGCCTACGACTC 
AP_F GTGCGACCACAGTTTTGCAT 174 
AP_R TGGGAGATGTCCTTGTTGGC 
CS_F ACTGGATTCATCGGCCCAAA 152 
CS_R CCGACGCTGGGAACTAATGT 
F-box_F TCGGTGAAGACAAGGGTTGG 152 
F-box_R CTTCACCAGGCTCCGCTAAA 
CAD_F AGGTTTGTGGTGAGCATTCC 174 
CAD_R CTTGGCAGTGAGCACACCTA  
SLP_F GCTTTGTATATTGCGAGATGAGC 176 
SLP_R GCTTTGTATATTGCGAGATGAGC 
Actin_F GCATATCCGGTCTTCTTGGA 183  
Actin_R GCATGCCTGTTGGATCTCTT 
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 P. cinnamomi elicitin proteins measurement, identification on gel 
electrophoresis and detection in inoculated roots 
Appendix 6-1: Preparation of M1 medium 
Reagent Quantity 
Iron (II) sulfate                               FeSO4.7H2O 1.5 mg 
Asparagin  0.3 g 
Calcium chloride                           CaCl2. H2O 15 mg 
Magnesium sulfate                         MgSO4.7H2O 0.15 g 
Potassium di-hydrogen phosphate KH2PO4 0.705 g 
Di-Potassium hydrogen phosphate K2HPO4 0.39 g 
Thiamine hydrochloride 1.5 mg 
Zinc sulfate                                     ZnSO4.7H2O 1.5 mg 
Copper (II) sulfate                          CuSO4.5H2O 0.03 mg 
Sodium molybdate                        Na2MoO4.4H2O 0.03 mg 
Manganese (II) chloride                MnCl2.4H2O 0.03 mg 
 
Asparagin, calcium chloride, magnesium sulfate, potassium di-hydrogen phosphate and di-
potassium hydrogen phosphate were dissolved in 1.4 L distilled water.  10 mg of Iron (II) 
sulfate, thiamine hydrochloride and zinc sulfate were dissolved first separately in 10 mL of 
distilled water and then 1.5 mL of each solution was added in above mentioned1.4 L solution. 
4 mg of copper (II) sulfate, sodium molybdate and manganese (II) chloride were dissolved first 
separately in 100 mL of distilled water and then 0.75 mL of each solution was added in above 
mentioned 1.4 L solution. 
The medium was autoclaved for 30 minutes at 121°C. 
Glucose (4.5g) was dissolved in 100 mL of distilled water and the solution was sterilized 
through a 0.45 µm, 25mm syringe filter (Ht Tuffryn membrane®, Acrodisc, Pall, Victoria, 
Australia) before adding to the autoclaved medium.  
Appendix 6-2: Protocol for BCA-assay to measure protein concentration 
Two solutions were prepared using following chemicals 
1. Solution A: 
a. 1% BCA 
b. 2% Na2CO3.H2O 
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c. 0.16 % Na2tartrat           
d. 0.4% NaOH 
e. 0.95% NaHCO3 
f. Add 100 mL of distilled water, final pH=11.25 
2. Solution B 
a. 4% CuSO4.5H2O in water 
Working solution was prepared by mixing 100 volume of solution A and 2 volume of solution 
B. Then calibration curve was made according to the following table from BSA stock 
concentrations (20µg/100µL).  
 
 
BSA (µg) Vol (µL) Water (µL) Working solution (µL) 
1 5 795 200 
2 10 790 200 
4 20 780 200 
6 30 770 200 
10 50 750 200 
20 100 700 200 
 
The solution mix was incubated for 60 min at 60°C and then finally absorbance was measured 
at 562 nm after cooling in a spectrophotometer (Varian UV/VIS Model Cary 300). 
Appendix 6-3: Preparation of Tris/Tricine gel (10%) 
Firstly, gel-buffer (3M Tris/HCl, pH=8.45) was prepared by dissolving 36.3g Tris in 60 mL of 
water and adjust pH with HCl (conc.) to 8.45 and then 300mg of SDS was added in the solution. 
After that required amount of water was added to get 100 mL buffer solution. 
Materials required for separation and stacking gel 
Separation gel 10% 
40%T, 3% C solution (acrylamide) 3.75ml 
Gel buffer (3M) 5ml 
Glycerol 2g 
Add water to final volume of 15ml  
APS (10%) (10mg/100ul) 75ul 
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TEMED 7.5ul 
 
Stacking gel 4% 
40%T, 3% C solution (acrylamide) 0.84ml 
Gel buffer (3M) 3.1ml 
Glycerol 0 
Add water to final volume of 8.4ml 4.46 
APS (10%) (10mg/100ul) 45ul 
TEMED 4.5ul 
• Prepare a 1:10 dilution of the stock 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix 6-4: Confocal microscope images of L. angustifolius roots infected with P. 
cinnamomi.  The inoculated roots were cross sectioned by hand and labelled separately with β-
cinnamomin antiserum and Phytophthora antiserum. β-cinnamomin was red-immunolabelled 
with red fluorescing Alexa Fluor 633 (A-B and E-F) and mycelia of P. cinnamomi was blue-
immunolabelled with pacific blue (C-D and G-H). β-cinnamomin production is observed in L. 
angustifolius root sections harvested at 72 hpi (A-B) and 120 hpi (E-F). Scale bar 100 µm. 
 
 
 
Red channel                Merged                    Blue channel               Merged                      
